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Long-Term Temperature-Dependent
Degradation of 175 W Chip-on-Board
LED Modules

Alexander Herzog™, Max Wagner
Willem D. van Driel

Abstract— We report on the degradation dynamics and
mechanisms of the commercially available chip-on-board
(COB) high-power light-emitting diode (LED) modules with
an electrical power of 175 W. Due to the associated thermal
load, the temperature dependence of the aging processes
is additionally analyzed within the scope of this work.
The aging tests were performed for a period of 6000 h
at four different case temperatures between 55 °C and
120 °C. The results of the accelerated stress tests indicate a
temperature-activated aging process, which severely limits
the lifetime of the modules. In addition, the following key
findings can be reported: 1) a significant decrease in optical
power occurs within 6000 h of operation; 2) depending on
the stress test condition the accompanying color shifts
exceed a limit of Au’v’ = 0.007; and 3) the limiting degra-
dation mechanism can be attributed to the package of the
device and can be accelerated with temperature, current,
and chemicals. Reported findings can be manifested by
additional optical material inspections, allowing to use the
results for optimizations of future module generations.

Index Terms— Accelerated aging, Ag mirror corrosion,
chip-on-board (COB), color shift, high-power LED, LED
modules, light-emitting diodes (LEDs), reliability.

I. INTRODUCTION

N RECENT years, the light-emitting diode (LED) tech-
nology has become increasingly established in the field
of general lighting due to its energy efficiency and com-
pact design [1], [2]. Especially phosphor-converted white
semiconductor light sources are of great importance in sev-
eral lighting applications and have been continuously opti-
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mized and developed. By varying the phosphors applied
to the blue LED chips, a wide range of polychro-
matic spectra can be realized, which can approximate
almost any correlated color temperature (CCT) along the
Planckian locus [3].

Due to the recent innovative manufacturing technologies,
it has become possible to mount a large number of mid-power
LED chips on a single carrier substrate [4]. By connecting the
LED chips in series or in parallel, the chip-on-board (COB)
modules with high power densities can be realized. The direct
chip application on the carrier substrate allows to create low
thermal resistances in the range of 0.08-0.15KW~!. In this
way, it is possible to operate the modules with an electrical
power of up to several hundreds of watts, if an adequate
thermal interface is made to an appropriately dimensioned
heat sink [5]. This technological development provides the
fundamentals to design compact light sources, which can be
used in spotlights for construction sites, warehouses, retail,
and sport facilities. In addition, arbitrary polychromatic spectra
can be mixed in a compact design space for the purpose of
integrative lighting [6], [7].

The relevance of the thermal interface, however, becomes
apparent due to the high electrical and the associated thermal
load. Small changes in the thermal path, which could occur
due to degradation effects, could have a significant impact
on the junction temperatures, resulting in accelerated lumen
depreciation of the modules [8]. The high power density of
the module causes a steep temperature gradient within the
device, resulting in high mechanical stress on the different
components and layers of the LED module. Depending on
the extent of the degradation mechanisms in particular device
components, the lifetime of the entire LED module could
be affected [9]. Therefore, the analysis of the aging mech-
anisms and their impact on lumen depreciation is useful,
if the lifetime should be specified under different operating
conditions.

The state-of-the-art investigations address the aging behav-
ior of the high-power COB modules to a limited extent
[10], [11]. Especially in the power class above 100 W, there
are no empirical data published or analyzed regarding the
aging behavior or the underlying degradation mechanisms of
the COB modules.

To address the existing knowledge gap, we analyzed the
temperature-dependent degradation dynamics of the 175W

0018-9383 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on November 08,2022 at 11:23:57 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-6011-2635
https://orcid.org/0000-0001-5171-4386
https://orcid.org/0000-0003-0391-2040
https://orcid.org/0000-0002-4291-4383
https://orcid.org/0000-0001-8882-2508
https://orcid.org/0000-0003-1828-2459

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON ELECTRON DEVICES

COB modules within the scope of this study. The mod-
ules were operated at four different case temperatures and
constant current stress. Based on the results of the optical
measurements, the changes in the spectral characteristics were
analyzed for the aging period of 6000 h. The collected aging
data allow conclusions to be drawn about the underlying degra-
dation mechanisms, which can be used for the optimization of
future product developments, regarding both the LED modules
and their application constraints in luminaires.

Il. EXPERIMENTAL DETAILS

The experiments were carried out on the commercially
available 175W high-power COB modules with a CCT of
4500K and a color rendering index of CRI = 80, produced
by a leading manufacturer. The maximum forward current at
a case temperature of 7, = 25°C is specified with It max =
4200 mA, resulting in a luminous flux of 20000Im at an
electrical power of Py = 175W.

Typical characteristics of the analyzed
Ir = 1000 mA are listed in Table I.

The structure and the dimensions of the modules are
shown in Fig. 1. Placing the electrical contact on the top
of the semiconductor structures allows to mount 312 lateral
mid-power LED chips directly on an aluminum carrier sub-
strate. To increase the extraction efficiency of the device,
the carrier substrate is deposited with a silver mirror layer.
The substrate and the LED chips are coated with a phosphor
layer, which is additionally encapsulated with silicone for an
enhancement of light extraction.

To analyze the temperature-dependent degradation dynam-
ics of the COB LEDs, the devices were mounted on heat
sinks with forced cooling (Fischer LA10/150, LA7/150, and
LA-HLV3-100). On each heat sink, four samples were oper-
ated under identical aging conditions. The setup is shown
schematically in Fig. 2. The temperature of the COB LEDs
is monitored using Pt-100 temperature sensors placed at
the T.-point of the modules, as shown in Figs. 1 and 2.
An adjustment of the forced cooling fan speeds allows to set
the different case temperatures. The thermal interface between
the COBs and the heat sink was realized with thin graphite
layers.

The aging was performed for a period of 6000 h at four
different 7. temperatures and a constant current stress of
I, = 3300mA (Meanwell HLG-185H 42A). In Table II, the
experimental stress test conditions are reported. It is important
to remark that the differently tempered heat sinks and devices
were not operated in separate temperature chambers; instead,
they were stored horizontally on a metal table in an air-
conditioned laboratory. The ambient temperature of the sam-
ples can be quantified with 7, = 25°C at a relative humidity
of RH = 30%.

The junction temperatures shown in Table II were derived
under consideration of the thermal resistances measured
by a thermal impedance measuring system (T3ster, Mentor
Graphics). For the analyzed samples, a thermal resistance of
Ry = 0.08 KW' was determined on average. The selected
aging conditions were both within and slightly above the

samples at

TABLE |
OVERVIEW OF INITIAL DEVICE CHARACTERISTICS AT A MEASUREMENT
CURRENT OF 1000 MA. THE REPORTED VALUES REPRESENT THE
ARITHMETIC MEAN WITH ITS RESPECTIVE STANDARD DEVIATION

Optical Forward Degradation
CCT .
power voltage time
(Kelvin) (W) V) (hours)
4473 19,11 35,70
+18 +0,23 +0, 16 6000
Side view
LED-Chip Bond wire.  Phosphor  Silicone  Silver mirror Leadframe
T.-Point
| 29.2 mm |
49.2 mm

Fig. 1. Schematic cut view of the analyzed samples. Lateral mid-power
LED chips are directly mounted on a silver-coated carrier substrate. The
emitters are coated with phosphor and are encapsulated with silicone.

Side view Top view

COB COB

Fan

Heatsink

Heatsink

Te-Point (Pt100)

Fig. 2. Side and top views of the stress test setup. Four LED modules
were mounted on each forced cooler. Case temperatures were monitored
at the modules’ Tq-points. The temperatures were adjusted by the forced
coolers’ fan speed.

TABLE Il
SELECTED TEST CONDITIONS FOR THE PERFORMED STRESS
TEST. JUNCTION TEMPERATURES ARE CALCULATED WITH
DETERMINED THERMAL RESISTANCE

Stress current Case temperature Junction temperature

I (mA) T. + 4K (°C) T, + 4K (°C)
3300 55 61
3300 85 91
3300 105 111
3300 120 126
maximum junction temperature (7jmax = 125°C) specified

by the manufacturer, allowing to accelerate the provoked
degradation mechanisms by temperature.

During stress test, the measurement of the LEDs was
performed in intervals of 1000 h using a 1 m-integrating sphere
with 2z -geometry in combination with a spectroradiometer
(CAS140CT, Instrument Systems). For each measurement, the
LEDs were disassembled from the heat sinks and placed on an
LED mount in front of the measurement port. The LED mount
integrated Peltier element was controlled by a Peltier controller
(ITC4020, Thorlabs) and was used to temper the LED during
the pulsed measurement. Due to the minimum integration
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time of the spectroradiometer (10 ms), the synchronous current
pulsewidth is set to 12ms and limited to 1000 mA, reducing
the effect of joule heating. An additional electrical character-
ization was performed using a source measure unit (Keithley
2651A). After performed measurement characterization, the
modules were mounted on the heat sinks as before. To ensure
a consistent thermal interface, the mounting screws were
tightened with a torque wrench and the previously determined
values.

I1l. RESULTS

In Fig. 3 the decrease in optical power is shown for four dif-
ferent case temperatures at an aging current of 7, = 3300 mA.
The measurements were carried out at I, = 1000 mA. For a
period of 6000 h, a reduction in optical power of 30% can be
observed for a case temperature of 7, = 120°C. As the case
temperature decreases, the degradation rate in optical power
decreases. At a temperature of 7T, = 55°C, a decrease in 5%
can be measured.

Especially within the first 2000 h of operation, a significant
decrease in optical power can be observed, the slope of which
is reduced between 2000 and 6000 h. Since dropping below
the L7¢ lifetime criterion is typically defined as a failure cri-
terion for luminaires in the general lighting applications [12],
lifetimes of more than 12500 h can only be expected for
junction temperatures below 7; = 91°C, assuming a linear
extrapolation of the aging data. Usually, lifetimes between
25000 and 50000 h are aspired in the LED-based luminaires,
which can only be met by these devices at very moderate
temperature conditions. To obtain more reliable statements
regarding device lifetime, the aging tests must ideally be
carried out with a higher number of samples and the lifetime
should be calculated according to TM-21 [12].

Accompanying the gradual degradation of the optical power,
an imbalanced reduction in spectral components can be
observed, resulting in a color shift of the chromaticity coor-
dinates. For a case temperature of 7, = 105 °C, the changes
in the spectral characteristics are shown in Fig. 4. It becomes
apparent that a significant decrease in power can be detected
in the phosphor-converted region of the spectrum and in the
blue spectral range.

For 6000 h of stress, a reduction of 8% can be measured at
the peak emission wavelength at 450 nm, while the emission
spectrum of the phosphor is reduced by 36%. The imbalance
of the spectral changes results in a visually perceptible color
shift. Fig. 4 (inset) shows the degradation of the blue and the
phosphor-converted emission peak. It is clearly visible that
the phosphor-converted part of the spectrum is subjected to
much stronger degradation than the blue spectral components.
In addition, the yellow-to-blue peak emission ratio is shown,
indicating a significant color shift within the first 2000 h of
operation. Analogous to the decrease in the optical power,
the slope of the y/b ratio also reduces after this initial drop,
resulting in a smaller but continuous color shift.

The color distance Au’v’, which is defined as the Euclidean
distance to the initial color coordinates [13], is shown for
the entire stress test period in Fig. 5. Analogous to Fig. 3,

10 [o 1
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Fig. 3. Decrease in relative optical power Popt el for a period of 6000 h
at four different case temperatures 55 °C, 85 °C, 105 °C, and 120 °C.
The reported values represent the arithmetic mean with its respective
standard deviation. A reduction of 30% in optical power, also known as
L79 lifetime criterion, is shown as dashed.
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Fig. 4. Changes in spectral characteristics over 6000 h of stress test
at a case temperature of T, = 105 °C. Degradation of relative emission
intensity at blue and yellow peaks of the spectrum (inset). The resulting
y/b ratio is shown in red.

the strongest degradation can be shown for the highest stress
condition, resulting in a color shift of Au’v" = 0.022 at a case
temperature of 7. = 120 °C. The color shift is correspondingly
smaller at lower device temperatures. If a commonly used
color shift of the three-step MacAdam [14] or seven-step
MacAdam [15] is defined as the degradation limit, this can
only be maintained at a case temperature of 55 °C for the
operating time considered.

Due to the missing directional information of the chro-
maticity shifts shown in Fig. 5, additional sections of the u'v’
diagram are presented in Fig. 6 [16]. For the different case
temperatures, the one-, two-, and three-step MacAdam ellipses
are shown to classify the color shift and its extent [17]. Based
on the diagrams, it can be concluded that the direction of the
blue shift does not differ between the temperatures. For the
entire aging period, a CCT shift of ACCT = 4+1000K can be
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Fig. 5. Calculated color shift Auv' v at four different case temperatures.
Shown are the mean values with the corresponding standard deviations.
The three-step MacAdam Av/' v = 0.0033 and the seven-step MacAdam
AUV = 0.007 failure criteria are shown as dashed.
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Fig. 6.  Mean differences in color shift to the initial chromaticity

coordinates shown in sections of a Au AV diagram. The extend of the
shift increases with temperature.

observed for the highest temperature, while a shift of +80K
can be observed at 55 °C case temperature.

In addition to Figs. 3 and 5 the decrease in optical power
versus chromaticity shift is plotted. The data shown in Fig. 7
indicate the different measurement times with the correspond-
ing standard deviations. An almost linear correlation of the
decrease in optical power and color shift could be obtained.
At higher temperature, optical degradation, and consequently
color shift, is more proceeded. The correlation is given for all
the analyzed devices, respectively, and all the combinations
of temperature, optical degradation, and color shift. Conse-
quently, it would be possible to infer the optical degradation
from the color shift and vice versa.

The visual inspection of the untreated and stressed modules
is shown in Fig. 8. The direct comparison indicates a dark-
ening of the silver-coated reflector in the area between the
LED chips, which significantly reduces the reflection of the
silver mirror. Areas below the LED chips are unaffected by

the darkening process.
The microscopic images shown in Fig. 9 manifest the previ-

ously made assumptions regarding the darkening of the silver-

Fig. 7. Decrease in relative optical power Pqpt rel VErsus calculated color
shift Av'v at four different case temperatures. Shown are the mean
values with the corresponding standard deviations.

Untreated Stressed

N

Fig. 8.  Surface of untreated (left) and treated samples (right) at
Te = 105 °C after 6000 h of stress. The area between the LED chips
is darkened as a result of degradation effects.

Untreated

Stressed

Fig.9. Microscopic images of bared silver mirrors. Untreated and treated
samples at T = 105 °C after 6000 h of stress. The LED chips were
removed to inspect the area underneath.

plated reflector. The bared silver mirror shows a significant
browning between the LED chips while the area below the
removed LEDs is not affected.

To evaluate the temperature dependence of the aging mecha-
nisms, a decrease in optical power by more than 12% is defined
as a failure criterion Lgg. The mean time to failure MTTF as a
function of junction temperature results according to Fig. 10.

The logarithmic plot of the MTTF versus the inverse
junction temperature indicates a temperature-accelerated aging
process which can be described with a coefficient of determi-
nation of R = 0.99 using an Arrhenius equation. Applying
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Fig. 10. Arrhenius plot of the 88% MTTF. The criterion has been chosen
to analyze the data of three different temperatures without additional
extrapolations. Based on the 88% lifetimes, an activation energy of
E; = 0.43 eV could be determined for the aging process with a coefficient
of determination of R = 0.99.

the curve fit shown in Fig. 10, the activation energy of the
process can be determined, resulting in £, = 0.43 eV and thus
suggesting a strong temperature dependence of the degradation
process.

IV. DISCUSSION

The strong temperature dependence of the degradation
dynamics suggests that the package is significantly involved
in the aging processes. In particular, the degradation behavior
described above can result from the mechanisms in the phos-
phor, the silicone encapsulant, or the silver mirror used [18],
[19], [20], [21]. The combination of intense short-wave
radiation and high package temperatures (>100 °C) favors
the aging mechanisms in the silicone encapsulation of the
device [21]. Due to the fact that a reduced transmittance of
the encapsulant predominantly affects the shortwave radiation
components, a red shift of the spectral characteristics would
be expected [18]. On the basis of the analyzed aging data,
this mechanism cannot be manifested, especially since a
blue shift of the spectrum can be observed. Therefore, the
optical power reduction could be caused by the following
mechanisms.

1) A loss of phosphor quantum efficiency due to chemical

change or temperature effects.

2) Oxidation of the molding compound in plastic leaded
chip carrier (PLCC) or “tarnishing” of exposed metal
surfaces.

3) Operating the phosphor above the saturation flux level,
settling, and precipitation of the phosphor.

4) Top-to-bottom fractures of the binder in the phosphor-
binder layer, resulting in blue photons bypassing the
phosphor layer [22].

As a result of the design and structure of the modules,
the settlement effects of the phosphor can be ruled out.
Fractures of the binder cannot be detected on the basis
of optical inspections. Instead, a change in the reflective
properties of the silver reflector can be manifested. Although

silver coatings are predestined for optical applications due to
their optimal reflective properties, unprotected silver coatings
tend to oxidize [23]. The oxidation process, also known as
“tarnishing” of the silver, results in the formation of a black
patina, which protects the underlying silver layers from further
oxidation processes. As the silver tarnishes, the reflective
behavior changes, especially in the blue and green spectral
range, causing short-wave radiation to be absorbed more
strongly [24]. The oxidation reaction can be accelerated by
sulfur, halogens, chlorines, iodines, or bromides in the region
of the silver reflector [25], [26].

The permeability of the silicone encapsulant allows chemi-
cals to diffuse into the region of the silver reflector. In com-
bination with oxygen, temperature, and radiation prevailing
in the device structure, a diffusion of sulfur, halogens, and
volatile organic compounds (VOCs) could cause an oxidation
of the used silver mirror. Typical reactions resulting in a
tarnished silver are listed below [25], [27]

4Ag+ Oy — 2Ag,0 (1)
4Ag + 2H,S + O, — 2Ag,S 4+ 2H,0 2)
2Ag+S — 2Ag,S. 3)

The formation of the black silver patina reduces the per-
centage of blue radiation reflected by the silver mirror. Due
to the longer path length of the radiation from the chip
via the reflector through silicone, it can be assumed that
radiation conversion by the phosphor takes place for the
predominant fraction of the reflected short-wave radiation.
Thus, the absorption of the blue radiation by the patina results
in a reduced fraction of the phosphor-converted photons,
which can be manifested by the spectra shown in Fig. 4.
Proportionally, the percentage of the total emitted blue photons
from the device is reduced to a lower extent, especially
since these photons are predominantly emitted directly from
the chip without additional reflection processes. The ratio
of the emitted spectral components is shown schematically
in Fig. 11.

After a mono-atomic layer has formed on the silver reflector,
it can be assumed that oxidation proceeds more slowly, espe-
cially since deeper silver atoms are protected from chemical
reactions by the patina [25]. As a result, optical degradation
and the associated color shift will progress more slowly, which
is consistent with the results shown in Figs. 3 and 5.

The origins of oxidation-promoting chemicals diffusing into
the package are manifold. As the modules were stressed in a
laboratory atmosphere (7, = 25 °C, RH = 30%), it is likely
that extrinsic corrosion factors had a decisive impact on the
oxidation of the silver mirror. These include the outgassing
of drivers, cables, or other materials in the direct environment
of the devices. Based on the temperature dependence shown
in Fig. 10, it can be concluded that the oxidation of the
silver reflector is accelerated with increasing temperature.
Generally, different processes have to be considered, whose
temperature dependence could affect the degradation behavior
of the devices.

1) The cables that were used to contact the modules

are located partially on the temperature-controlled heat
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Fig. 11.  Schematic cut view of the treated and untreated samples.
A tarnished silver mirror reduces the reflection of blue photons, resulting
in a significant lower emission of the phosphor-converted photons and
thus a strong color shift.

sinks, and thus a temperature-dependent outgassing of
sulfur species can be expected. According to Sakai
et . [28], the temperature dependency could be described
using an Arrhenius equation. The outgassed sulfur
species is available for chemical reactions.

2) The permeability of silicone for gases increases with
temperature. Analogous to the previously described
outgassing processes, the permeability of the material
indicates an Arrhenius behavior [28], [29].

3) The oxidation process described in (1)—(3) exhibits an
Arrhenius relationship, which is why tarnishing acceler-
ates with increasing temperature [27].

4) Convection processes above the differently tempered
heat sinks provide a temperature-dependent transport of
sulfur species to the surface of the LED modules [30].

Taking into account the used cooling system and the
associated air circulation, a heat-induced convection above
the module does not occur. In addition, the forced air cir-
culation makes an increase in cable outgassed sulfur in the
direct environment of the module unlikely. The argumentation
against a temperature-induced acceleration by 1) and 4) can
be manifested by the fact that the outgassed sulfur depends
significantly on the mass of tempered cable [28]. Considering
the experimental setup, the exposed cable mass varies ran-
domly between the different heat sinks and thus the amount
of outgassed sulfur. Furthermore, the modules with different
temperatures are located in close distance to each other and
cable outgassing would affect multiple modules operated at
different temperature conditions. Therefore, it is appropriate to
assume a homogeneous concentration of sulfur species within
the entire laboratory.

According to Sakai et al. [28], the sulfur species concentra-
tion on the silver surface is critical for an oxidation process.
Increased silver mirror temperatures could only accelerate the
oxidation rates if there are enough reactants available at the
mirrors’ surface. Consequently, the Arrhenius behavior shown
in Fig. 10 is primarily affected by the temperature-dependent
permeability of the silicone encapsulant and the resulting
concentration of reactants at the silver surface. Sakai et al. [28]
determined the activation energy for sulfur atoms diffusing
through rubber with E, = 63 kJmol, which is close to the

derived value from Fig. 10 with E, = 41.5 kJmol. The Arrhe-
nius behavior and the correlation shown in Fig. 7 allow to infer
that no additional aging mechanisms contribute to the optical
degradation in the range of junction temperatures between
61 °C and 126 °C. Therefore, the package design seems to
be too sensitive to extrinsic corrosions effects, especially since
optical degradation occurs in a common laboratory atmosphere
with junction temperatures within the manufacturer specifica-
tion.

V. CONCLUSION

In this article, the degradation dynamics of high-power
LED modules and the underlying aging mechanisms were
analyzed. The reduction in optical power and the associated
color shift is largely due to an aging mechanism in the LED
package. Specifically, the oxidation of the silver reflector
used significantly affects the spectral characteristics of the
devices. The oxidation process is affected by the conditions
prevailing in the device and can be accelerated with increasing
temperature and higher concentrations of chemicals in the
environment. The activation energy of the process can be
quantified with 0.43eV. Consequently, the results indicate a
very sensitive package design that could possibly be optimized
by protective layers, more impermeable silicone or a different
reflector material.
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