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Abstract: The lifetime of ultraviolet high-power light-emitting diodes (UV HP-LEDs) is an open
issue due to their high current density, high temperature, and UV radiation. This work presents
a reliability study and failure analysis of three high-temperature accelerated life tests (ALTs) for
13,500 h with 3 W commercial UV LEDs of 365 nm at a nominal current in two working conditions:
continuous mode and cycled mode (30 s on/30 s off). Arrhenius–Weibull parameters were evaluated,
and an equation to evaluate the lifetime (B50) at any junction temperature and other relevant lifetime
functions is presented. The Arrhenius activation energy was 0.13 eV for the continuous mode and
0.20 eV for the cycled mode. The lifetime at 50% survival and 30% loss of optical power as a failure
definition, working at Ta = 40 ◦C with a multi-fin heat sink in natural convection, was over 4480 h
for the continuous mode and 19,814 h for the cycled mode. The need to add forced convection for
HP-LED arrays to achieve these high-reliability values is evidenced. The main source of degradation
is the semiconductor device, and the second is the encapsulation silicone break.
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1. Introduction

The market and applications of ultraviolet high-power light-emitting diodes (UV HP-LEDs)
have rapidly increased in the last years. Optical efficiency, a simpler power supply, eco-friendly
characteristics, and the use of a simpler power supply of UV HP-LEDs have led to their preference over
ultraviolet lamps, introducing other new applications [1–4]. UV LEDs have lower power per device,
from less than one watt to a few tens of watts, compared to lamps used in industrial applications,
ranging from a few to 3000 watts [5]. The “Status of the Solid-State Lighting Source Industry, 2019”
report by Yole Développement [6] identified that in 2018, the UV light source market share was 74.7%
UV lamps and 25.3% UV LEDs, with a total market share of over USD 0.2 billion, which could more
than double to USD 0.5 billion in 2024.

In this work, we developed temperature accelerated life tests (ALTs) to analyze the lifetime
of a commercial 3 W, 365 nm UV LED with the high external quantum efficiency of UV LEDs [7].
The applications of UV-A LEDs with wavelengths from 320 to 400 nm include resin curing, photocatalytic
water and air purification [8], high-resolution microscopes, industrial inspection, fluorescence light [9],
biological research [10], sanitary radiation for sterilization and disinfection [11], and printing.

To determine the lifetime and compare commercial UV-A HP-LEDs and UV lamps, it is necessary
to consider the definitions of two parameters:

• Failure: For LED light sources, the LM-80 standard [12] defines failure time, Lx, as the time
the light’s lumen maintains x% of its initial value measured in nominal conditions, and the
typical level for illumination purposes is the maintenance of 70% lumen (L70). In the case of
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mercury xenon lamps for industrial applications, it maintains 50% of its initial value (L50), a less
demanding condition.

• Lifetime: The American National Standards Institute/Illuminating Engineering Society (ANSI/IES)
RP-16 [13] defines the lifetime parameter B50 as the time when 50% of lamps have not failed while
the other 50% have failed. From a reliability point of view, R(B50) = 0.5 and F(B50) = 1 – R(B50) = 0.5,
where R(B50) is the reliability at t = B50 h and F(B50) the unreliability. These parameters can be
directly applied to the UV LED lifetime, although in semiconductor devices, it is more common to
use the mean time to failure (MTTF), defined as the expected time to failure for a nonrepairable
device. The MTTF for these devices is larger than B50, albeit with comparable values [14].

In this work, we assess lifetime considering the B50 period and define the most demanding
condition, L70, as a failure for UV LEDs (B50L70). This lifetime is compared with the less demanding
definition used for the standard lifetime of industrial mercury xenon lamps (B50L50), between 500 and
5000 h [5].

The main issues affecting the lifetime of AlGaN-based UV LEDs are electrical stress due to a
high-density current [3,15], thermal management of the package with a very small chip volume,
degradation of the lens system under high temperature and UV radiation [16], and the quality of
the growth substrate. Sapphire is currently the primary substrate of AlGaN-based UV-A LEDs due
to the range of wavelength applications, large size, and cost [1]. However, sapphire is not an ideal
substrate because the large lattice mismatch between GaN and sapphire substrates usually induces
high-stress and high-density dislocations, consequently degrading the optical performance of UV
LEDs. Due to this problem, there is intensive research to improve sapphire substrates and develop
new substrate materials [1,4,7,16–20]. In our opinion, removing or laser-lifting the GaN crystal of the
grown substrate can be a solution for high-technology devices such as multijunction solar cells or
some lasers [7]; however, for commercial UV-A LEDs, the interface improvement with the GaN crystal
growth is probably the more implemented solution [19] for economic reasons.

UV-A LED reliability tests have focused on high-temperature studies at a nominal or high current
stress to reduce the test time [16,17]. The main target of these ALTs is to evaluate lifetime and identify
the main weaknesses and failures [21]. However, there are few works in the literature that evaluate
the complete parameters of the Arrhenius–Weibull model in temperature ALTs [14]. These tests
require complex, expensive, and time-consuming instrumentation; however, new, cheaper ALT lifetime
evaluation methods that require less time are emerging [22–25]. A complete analysis is required to
develop the classical three high-temperature ALTs in nominal working conditions [14].

This work presents the results and discussion of three temperature accelerated lifetime tests (ALTs)
with a total time of 13,500 h. The device used is a commercial 3 W GaN-based high-power 365 nm UV
LED in two working conditions: continuous mode and cycled mode (30 s on/30 s off). The influence of
natural and forced convection is also analyzed and evaluated.

Section 2 presents descriptions of the device and temperature ALTs and thermal measurements
of the working and dissipation conditions. Section 3 is divided into four subsections: experimental
temperature ALT, evaluation of lifetime parameters for natural convection from ALT, evaluation of
lifetime parameters at forced convection, and failure analysis. Section 4 discusses the results and
focuses on the applications, limitations, and generalizations of commercial UV-A LEDs.

2. Materials and Methods

The analyzed LED is a commercial 3 W, 365 nm nominal peak-wavelength with 700 mA
(J ≈ 60 A/cm2) maximum forward current and power of 900 mW. The LEDs were tested at 600 mA
(J ≈ 51 A/cm2) current injection (85% of maximum), with a supply over 2.3 W and a dissipation power
over 1.5 W. The measured average peak-wavelength of the tested LEDs was 369.63 nm ± 0.25 nm,
which is into the tolerance identified by the manufacturer. This commercial UV-A LED has one of the
leading high power packages [18], with a low junction-ambient thermal resistance of 4.2 ◦C/W and a
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maximum junction temperature (Tj) of 150 ◦C [18] and, due to its characteristics, is frequently used in
research applications [26–28].

Figure 1a shows the assembly of the UV LED during ALTs. The LED is set over a standard 19.9 mm
diameter star-shaped metal core printed circuit board (PCB) with a protection device (Figure 1b). This circuit
adheres with thermal tape to a high fin density heat sink that is 40 mm (L) × 40 mm (W) × 18 mm (H) in
size (BGA-STD-115, ABL Components®) (Figure 1a). Thermal simulation of this setup with another UV
LED model can be seen in previous work [29]. As shown in Figure 1c, the previous assembly was placed
under a Sanyo Denki fan (Ref. 9GA0412P3J011) that is 40 mm (L) × 40 mm (W) × 28 mm (H) in size,
supplied at 11.5 V, to evaluate the influence of forced convection on the lifetime parameters.
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LED in the center and black protection device below; (c) photograph of the UV LED in a forced 
configuration, with a fan over the heat sink. 
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the lifetime is accelerated, and the acceleration factor due to high temperature can be evaluated from 
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A LED without a current injection was loaded into the 90 °C chamber as a control reference, and the 
other 12 LEDs were tested under two working conditions, continuous and cycled, the latter with a 
50% duty cycle of 30 s on and 30 s off. In applications such as curing, the continuous working mode 
is more advantageous than cycled, because for the same dose of UV energy, roughly half the working 
time is needed. However, in applications such as fluorescent light sources, UV radiation is required 
for short time periods, as in the cycled mode. This prompted our interest in comparing both working 
modes. For these temperature ALTs, three climatic chambers at 60, 75, and 90 °C ambient temperature 
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Figure 1. (a) Diagram and thermal simulation results (Ta = 40 ◦C) of the high power ultraviolet
light-emitting diode in a natural convection configuration: LED, star-shaped metal core printed circuit
board (MCPCB), thermal tape, and heat sink; (b) photograph of the star-shaped MCPCB with the
UV LED in the center and black protection device below; (c) photograph of the UV LED in a forced
configuration, with a fan over the heat sink.

Temperature ALT under nominal working conditions is a common method to evaluate the lifetime
of optoelectronic devices in a short period of time. The advantage of temperature ALT is that the
lifetime is accelerated, and the acceleration factor due to high temperature can be evaluated from the
ALT results by applying the Arrhenius–Weibull model [14,22–25,30].

For the temperature ALTs, 13 LEDs were used at different temperatures and working conditions.
A LED without a current injection was loaded into the 90 ◦C chamber as a control reference, and the
other 12 LEDs were tested under two working conditions, continuous and cycled, the latter with a 50%
duty cycle of 30 s on and 30 s off. In applications such as curing, the continuous working mode is more
advantageous than cycled, because for the same dose of UV energy, roughly half the working time is
needed. However, in applications such as fluorescent light sources, UV radiation is required for short
time periods, as in the cycled mode. This prompted our interest in comparing both working modes.
For these temperature ALTs, three climatic chambers at 60, 75, and 90 ◦C ambient temperature with
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UV-A LEDs under natural convection conditions were used. In each chamber, two LEDs in continuous
and two LEDs in cycled working conditions were tested with current injection.

The UV-A LEDs were characterized inside and outside the climatic chamber by means of
different techniques:

• Inside the climatic chamber. An automatic data acquisition system controlled with LabView™
periodically measured the current voltage (I–V) curve of each LED every 8 h to identify
semiconductor degradation during the test, as well as catastrophic failures. Due to the different
UV LED junction temperatures (Tj), the I–V curves cannot be directly compared between UV-A
LEDs of different chambers.

• Outside the climatic chamber. I–V curves and optical power output evolution at different
wavelengths at a controlled temperature of 25 ± 0.5 ◦C and natural convection were measured.
These measurements were initially performed more frequently, and later once a week. For I–V
curves, a four-wire system controlled by a LabVIEW program with a 6 1/2 bit digital multimeter
and a precision power supply was used. For optical output power, a USB MIGHTEX™
mini-spectrometer with a charge-coupled device (CCD) of 3648 pixels and a resolution of
9 nm was used.

The duration of each temperature ALT was 4470 h. For LEDs working in cycled mode, the net
operating time was half of this (2235 h). For most industrial applications, the cumulative UV energy is
the key. For that, except for graphs of temperature ALT results, the extrapolation of lifetime in cycled
mode was developed with net operating time for a more realistic comparison of continuous versus
cycled mode.

Two failure modes were considered: catastrophic and output optical power degradation failure.
In catastrophic failure, the optical power abruptly decays to zero, and degradation failure is defined as
the time when the optical power falls to 70% of its initial value (L70).

In order to measure the UV-A LED junction temperature (Tj), a method that uses the I–V curve as a
temperature sensor was developed to characterize it under the four working conditions of continuous
and cycled (30 s on/30 s off) in natural and forced convection at 25 ± 0.5 ◦C ambient temperature.
To evaluate the lifetime, all measurements and results were extrapolated to ambient temperature,
Ta = 40 ◦C, because it is a more realistic working condition (Figure 2).

The procedure to measure Tj is described in other papers [25,29,31], and in Joint Electron Device
Engineering Council (JEDEC) standards JESD-51-14 and JESD-51-51. This method uses the real time
measurement of forward voltage at a low current versus temperature to infer Tj.

Figure 2 presents the Tj evolution with time, for an ambient temperature of 40 ◦C. The stabilized
measured results are listed in Table 1.

From Figure 2, at Ta = 40 ◦C, two performance levels for each dissipation feature can be identified.
In natural convection there is 4 ◦C of difference between Tj in continuous and cycled during on mode,
while in forced convection, both Tj values are similar at the maximum temperature. These relative Tj
values over 40 ◦C ambient temperature will remain constant at other ambient temperatures, because all
of the thermal parameters of the materials and conditions are relatively similar over the typical
Ta operation range. The period of stabilization is 15 min for natural convection and 1 min for
forced convection.

Table 1 describes the relative Tj values over Ta and absolute Tj values at Ta = 40 ◦C.
From Table 1 we can see a general improvement in Tj in cycled mode with respect to continuous

mode in natural convection, and a significant drop in the Tj temperature between natural and
forced convection.

The ambient temperature (Ta) is the common factor in the comparison of the two working modes,
but to extrapolate lifetime working in other environmental and dissipation conditions, the specific
Tj measured in real working conditions is needed to identify the lifetime periods and parameters,
with the equations given in the results section.
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Figure 2. The junction temperature (Tj) of the UV LED was measured at Ta = 40 ◦C for natural
convection and forced convection, and for the continuous and cycled (30 s on/30 s off) working modes.
Continuous and cycled Tj under natural convection is shown in red and orange; Tj under forced
convection is shown in light and dark blue.

Table 1. Increased Tj of UV LED over any ambient temperature value, and absolute Tj value for
Ta = 40 ◦C, in natural and forced convection and continuous and cycled working mode.

Convection Type
Continuous Working

∆Tj over Ta/Tj(Ta = 40 ◦C) (◦C)
Cycled Working

∆Tj over Ta/Tj(Ta = 40 ◦C) (◦C)

Natural Convection 18.5/58.5 14.5/54.5
Forced Convection 7.5/47.5 7/47

3. Results

The results obtained in this section are the lifetime parameters of this commercial 3 W UV-A LED
related to the Tj and Ta for two working conditions: continuous and cycled working. Furthermore, all the
Arrhenius–Weibull model parameters were obtained.

The lifetime for the condition B50L70 (a 50% population failure below 70% of the original optical
power) is estimated at 19,814 h for cycled working; this supposes 9907 h of real working time and
4488 h for continuous work. The addition of forced convection reduces the working Tj temperature
and increases by 7.7% the lifetime for cycled working. The failure mode of this UV-A LED is the loss
of optical power output to under 70% of the initial condition. The causes of failure are mainly the
degradation of the semiconductor, and encapsulation silicone degradation.

In Section 3.1, we present the optical power degradation curves of UV-A LEDs under
high-temperature ALT at nominal current, working under two working conditions. The instant
of defined failure (70%) was identified by these curves or extrapolated for cycled mode, which has a
low degradation slope that does not exceed the failure limit.

In Section 3.2, we develop the calculus of the Arrhenius–Weibull model parameters as a function
of Tj, Ta, and the working conditions, using the maximum likelihood estimation (MLE) method.
The parameters obtained are the activation energy (EA) and acceleration factor (AF) equation of the
Arrhenius model, and the β and η parameters of the Weibull curve. The obtained results are compared
with the bibliographic related to UV LED ALTs, and we conclude that the parameters are coherent
with previous publications when they can be compared.
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In Section 3.3, we evaluate the lifetime parameters in forced convection, obtaining the reliability
equations of the forced system and the increase in lifetime values, which demonstrate that forced
convection is only interesting for arrays of HP UV-LEDs.

In Section 3.4, we develop the failure analysis basis in optical power degradation measurement,
I–V curves, and the encapsulation optical inspection. The results are in line with the previous
bibliography, with two contributions to degradation: the semiconductor and the silicone material
of encapsulation.

In the results section, we consider Ta = 40 ◦C, a common UV LED operation under real conditions,
which is compared mainly with the results of temperature ALT at Ta = 60 ◦C. This test temperature does
not suppose excessive overstress with respect to the nominal Ta = 40 ◦C, and for that, the performance
will be similar.

3.1. Experimental Temperature ALT Results

The main results of the tests are as follows:

• None of the 12 UV LEDs with nominal current injection suffered catastrophic failure.
• The 12 UV LEDs had a progressive degradation of optical power during temperature ALT.
• The reference UV LED, tested without current injection at 90 ◦C, had negligible optical power

degradation. No I–V curve degradation or visible silicone encapsulant degradation was observed
at the end of the test.

The six LEDs tested in nominal continuous working mode (two for each ambient temperature
ALT) failed due to degradation of optical power to under 70% (L70) of the initial value. The six
LEDs tested in cycled working mode, with only half the time of real-time operating, did not fail by
degradation during the ALT period; the worst performance occurred at 90 ◦C, where the average
cycled UV LEDs had roughly 75% optical power at the end of the test.

Figure 3 shows the normalized optical power evolution of the four LEDs at Ta = 60 ◦C: two in
continuous working mode with Tj = 78.5 ◦C, and two in cycled working mode with Tj = 74.5 ◦C.
The degradation in the other tests, at 60 and 90 ◦C, showed the same tendency, and from that, it is possible
to identify the average instant of failure (L70) for continuous working mode. However, for cycled
working mode, it was necessary to extrapolate the instant of failure, because the degradation was
under the failure limit. The Reliasoft® Weibull++/ALTA software (accelerated life testing data analysis
software tool) has the option of loading optical power curve degradation, identifying the last slope
tendency and prolonging it, using different types of curve tendencies (lineal, exponential, etc.) and
deciding the best option by MLE, thereby obtaining the failure instantly. The values of each LED instant
of failure were included in the Arrhenius–Weibull software information data to identify the parameters.

The average instant of test time failure by degradation (L70) can be seen in Table 2. Failure time in
the cycled working mode was roughly four times that in continuous working mode, but the net-working
time was only double.

3.2. Evaluation of Lifetime Parameters in Natural Convection

The Arrhenius–Weibull model for temperature ALT [14] is the model used to determine lifetime
in nominal working current conditions at any Ta of operation with a specific sink and fan, or specific Tj
in other real working conditions. The common procedure to corroborate this model is to use three ALT
temperatures to obtain a good fit of the Arrhenius model for any time parameter of the test, such as
B50, η, or mean time to failure (MTTF) for the three temperatures.

The Weibull distribution model can identify the parameters of any reliability test, because it can
model any of the three parts in the typical bathtub curve: early mortality, constant random failures,
and wear-out failures. The link with the Arrhenius model is that parameter η (location parameter of
Weibull) has a different value for each particular LED junction temperature, η(Tj), and has a good fit
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for the three tests using the Arrhenius model, while β (shape parameter of Weibull) is invariant with
temperature [14].

Once both Weibull parameters are assessed, we know f(t), the failure probability density function:

f (t) =
β(
η(Tj)

)β (t)β−1e
−( t
η(Tj)

)
β

, (1)

where f(t) can be calculated for any Tj temperature. We used Tj because it is a generalized parameter;
it is possible to use Ta for the specific dissipation conditions of these tests, or Tj for any other working
conditions of this UV HP-LED, as the respective Tj in forced convection. β is the Weibull shape
parameter, which depends only on the main type of failure acceleration in time, and η(Tj) is the Weibull
location parameter, which has temperature dependence. The cumulative failure probability at the
location parameter is 0.632(F(η(Tj)) = 0.632), which means that at this instant of time 63.2% of the
population has failed.Crystals 2020, 10, x FOR PEER REVIEW 7 of 19 
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Figure 3. Normalized optical power evolution of four UV LEDs tested at Ta = 75 ◦C in temperature
accelerated life tests (ALTs). LEDs in continuous working mode (Con. W.) are indicated by a continuous
line; UV LEDs in cycled working mode (30 s on/30 s of) (Cyc. W.) are indicated by a dashed line. In the
figure, 75-1 to 75-4 are the IDs of the UV LEDs.

Table 2. Average instant of failure of temperature accelerated tests and working conditions.
Values indicate time in the climatic chamber. * Cycled working condition failure instant was extrapolated.

Working Conditions Continuous Working (h) Cycled Working (h)

Ta = 60 ◦C 3235 * 12,337
Ta = 75 ◦C 2851 * 10,251
Ta = 90 ◦C 2313 * 6732

In Figure 4, the gray area shows the f(t) evaluation curve for each ALT in natural convection, Ta,
and working conditions. The green line indicates the η(Ta) for continuous working, and the red line for
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cycled working. The two dashed black lines aid the identification of η(Ta) for ambient temperature at
25 and 40 ◦C.Crystals 2020, 10, x FOR PEER REVIEW 9 of 19 
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The F(t) unreliability function (probability of population failure at an instant) is as follows:

F(t) = 1− e
−( t
η(Tj)

)
β

, (2)

R(t) is reliability, the probability that the LED performs its function without failure:

R(t) = e
−( t
η(Tj)

)
β

, (3)

B50, where 50% of the population has no failure or survives, is obtained from (3) or (2),
applying R(B50) = F(B50) = 0.5.

The instant failure rate λ(t) function is a conditional probability of the failure density function,
simplifying the failure rate at an instant:

λ(t) =
f (t)
R(t)

=
β

η(Tj)

(
t
η(Tj)

)β − 1

, (4)

The lifetime model applied in temperature ALT is the Arrhenius model [14]. This model is used
for predicting semiconductor product lifetime in temperature ALTs, and relates the acceleration factor
(AF) to any measurable temporal characteristic of the lifetime. AF is the ratio between any two lifetime
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parameters (for example, η, B50, MTTF or time for a 10% of accumulated population failures) at two
Tj working temperatures. AF is >1 if a low temperature is in the numerator, and is greater with the
increase between both temperatures. From the Arrhenius model equation [14], the AF equation is
defined with expression (5):

AF =
η(Tj_Nominal)

η(Tj_Stress)
= exp

[
EA
k

((
1

T j_Nominal

)
−

(
1

T j_Stress

))]
, (5)

where AF is the acceleration factor obtained from (5), EA is the activation energy of the mechanism
that causes degradation and ultimately failure, and k is the Boltzmann constant (8.617333·10−5 eV/K).
η(Tj_Stress) is the η obtained for a Tj_Stress ALT, and η(Tj_Nominal) for Tj_Nomina l, usually the Tj at nominal
working conditions. As can be seen in Table 3, identifying the parameters of the Arrhenius–Weibull
model corresponding to temperature ALTs implies knowledge of the lifetime values, and extrapolation
to any other ambient temperature or thermal condition.

Table 3. Values of main lifetime parameters for ALT at 60 ◦C and evaluation results by the
Arrhenius–Weibull model at nominal Ta = 40 ◦C. Tj is different for each Ta and working condition.

Model Parameter
Ta = 313 K (40 ◦C) Ta = 333 K (ALT 60 ◦C)

Continuous Work
Tj = 331.5 K

Cycled Work
Tj = 327.5 K

Continuous Work
Tj = 351.5 K

Cycled Work
Tj = 347.5 K

Arrhenius EA (eV) 0.13 ± 0.02 0.20 ± 0.02 0.13 ± 0.02 0.20 ± 0.02
Weibull β 16.6 3.1 16.6 3.1
Weibull η(Tj) (h) 4588 22,301 3435 14,286
Weibull B50(Tj) (h) 4488 19,814 3360 12,693
Weibull B10(Tj) (h) 4007 10,791 3000 6913

From the optical power evolution of the LEDs and the degradation failure definition, the failure
instant was assessed. With the data of the instant of LED failure versus temperature, and using
specific Reliasoft® Weibull++/ALTA software and median ranks for failure populations, the software
developed by MLE had the best adjustment of η(Ta) to the Arrhenius–Weibull model, restringing the
same β value to the three temperatures. As can be seen in Figure 4, the time parameter η(Ta) has a good
fit to a straight line, the slope of the line identifies the EA value of the tests, and in Table 3 there are
complete parameters for 60 ◦C evaluated by Equations (1)–(5) at Tj nominal working conditions that
suppose Ta = 40 ◦C.

Table 3 shows the Arrhenius–Weibull parameters and results for ALT at Ta = 333 K (Ta = 60 ◦C),
and extrapolated at Ta = 313 K (Ta = 40 ◦C), obtained using Equations (1)–(5). For each Ta there is a
different Tj in each working condition, applying the temperature increments in Table 1.

The Arrhenius parameter activation energy (EA) evaluated is 0.13 ± 0.02 eV for the continuous
and 0.20 ± 0.02 eV for the cycled working mode, showing different acceleration of failure times with
temperature. The AF is 1.34 ± 0.06 for the continuous and 1.56 ± 0.07 for the cycled mode in the lifetime
parameters for Ta = 40 ◦C, with respect to the evaluated conditions at Ta = 60 ◦C. Due to the uncertainty
of EA and the minor effect of other parameters, the lifetime values B50 and B10 of Table 3 at Ta = 40 ◦C
have an uncertainty of ±30%. The errors were evaluated considering a confidence level of 0.85. The EA
values are low compared with the commonly used approximation for temperature ALT of 0.7 eV [32],
which supposes an AF = 4.75 for a decrement of 20 ◦C, but the two EA values obtained are common for
this type of device.

The Weibull β parameter is >3, which suggests that UV LEDs are in the wear-out failure phase of the
bathtub curve [14] (pp. 90–91). This is very common for high current density stress semiconductors [15].

The values of time parameters (η, B50) for cycled working are roughly four times larger than
for continuous working, considering test time. Considering the net time of accumulating UV energy
in cycled working, the lifetime is roughly double that of continuous work, so the difference is very
significant. Furthermore, the increase in the lifetime UV LED in cycled working is mainly due to the
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electrical stress relaxation period between the on states, because the Tj value, which is 4 ◦C less in
cycled mode, does not justify that increase over the lifetime. Compared with UV-A lamps in natural
convection, the lifetime in continuous working mode is like that of conventional UV-A lamps, and the
lifetime in cycled working mode is better.

For an array of UV LEDs, B50 can be a suitable reference (50% failure probability of the UV
LED array), but is not the best parameter for applications with only one UV LED, such as sensing or
microscopy, in which case F(t) = 10% with t = B10 is a more realistic operation lifetime for replacement
of the UV LED.

The Arrhenius–Weibull parameters are related to the failure modes [14] (pp. 90–91), and furthermore,
to semiconductor materials and causes of encapsulation degradation, manufacturing processes,
and stress. We analyzed whether the values of the evaluated parameters fit with the previous
experience of UV-A LEDs; in general, UV LEDs are mainly grown on sapphire. There are several
references to lifetime parameters B50(Tj) and MTTF [33–37], but almost no references to the other
parameters, η(Tj), β, and EA, [17,33]:

The parameters η(Tj) and B50(Tj) were in the range of previous reports on UV LEDs. In Rass et al.’s
work [34], for low-power (100 mA) UV-B LEDs grown on sapphire substrates, an L70 limit failure was
found for a 3500 h operation lifetime. These results in the same substrate are worse than the 4588 h for
continuous working at Ta = 40 ◦C; in our case, the power is great but generally, a high wavelength
of operation demonstrates the best efficiency and lifetime in UV LEDs. In Kurin et al.’s work [35],
with 365 nm UV LEDs grown on Al2O3 substrate, the lifetime is 1850 h at 30 ◦C, working to 125 A/cm2

and 0.5 A. This work developed other substrates with a higher current density, offering a low lifetime
compared with this commercial UV-A LED. In Mukai et al.’s work [36], for a standard manufactured
GaN-based LED over GaN template of 365 nm, Tj = 75 ◦C, and 120 mW (low power compared to our
UV LED), an MTTF of 17,600 h was found. This is a really good result compared with our 365 nm
commercial HP UV-A LED, but as we mentioned before, it is consistent with the bibliography, due to the
fact that the GaN template has fewer dislocations than a sapphire template. In Reed et al.’s work [37],
an improved cycled working is evaluated, and 280 nm LEDs at room temperature with J = 300 A/cm2

(6 times our J) had a lifetime of 20 h for continuous working and 1400 h in pulse conditions of 100 µs
and 1% cycle. Due to the reduction of self-heating, the lifetime relation is proximally proportional to
the 99 times lower time that the LED operates in pulse conditions, as the accumulated operation time
is critical for the lifetime. In Fujioka et al.’s work [38], the authors estimated an MTTF of 3000 h for a
280 nm UV-LED at 350 mA, grown on a sapphire substrate at Tj = 30 ◦C (303 K). This LED has a similar
working current at low wavelengths, but our estimated lifetime was considerably better, with great
lifetime at Tj = 331.5 K versus the 303 K of this test.

The EA energy of the Arrhenius model is related to the temperature acceleration lifetime of the main
failure mechanism; in this work, EA = 0.13± 0.02 eV for the continuous mode. In Gong et al.’s work [39],
280 nm UV LEDs grown on a sapphire substrate working at J = 100A/cm2 achieved an eV value of
0.23 eV. In Monti et al.’s work [17], with 385 UV LEDs operating at 1 A, EA = 0.36 eV was obtained.
In Glaab et al.’s work [40], for 308 nm UV LEDs grown on an AlN/sapphire template, at ambient
temperature with a high current (75/150/225 A/cm2) applied, two time phase degradations were
identified with two different activation energies: 0.13 eV and 0.21 eV. These results for continuous
working with a high-density current, mostly grown on sapphire, are coherent with our results.

3.3. Evaluation of Lifetime Parameters in Forced Convection

Table 3 shows the results of the evaluated lifetime parameters for Ta = 40 ◦C and ALT at Ta = 60 ◦C
in natural convection. However, to compare the dissipation conditions on these tests, we must work
with Tj for each working condition and with its respective EA, β, and η(Tj). Equations (1)–(5) are
applicable and more general using Tj, because the Ta used as a reference is only a particularization for
this UV LED setup in natural convection.
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In forced convection, there is a system with three elements: the UV LED, the fan, and the electronic
circuit of the fan. We can reasonably simplify the system by combining the reliability of the electronic
circuit and fan into one element, RFan&circuit(t), assuming from the reliability point of view that all
elements are in series, and the failure of one element implies system failure.

The reliability R(t) of the complete series system RLEDForce_System(t) is composed of the UV LED’s
RLED_forced(t) and the fan RFan&circuit(t). The result of the system is [14]:

RLEDForced_System(t) = RLED_ f orced(t)·RFan&circuit(t) , (6)

The R(t) Weibull parameter of the subsystem RFan&circuit(t) is very specific, and we only have the
information on the fan from its datasheet: B10 = 40,000 h at Ta = 60 ◦C. Furthermore, the average
parameter values for this subsystem at Ta = 40 ◦C were considered; it can be seen in the works by
Jin et al. [41] and Tian [42] that they are B10 = 50,000 h and β = 3. From Equation (3), we can obtain
η = 105,555 h, and B50 = 93,426, which is a lifetime of roughly one decade, compared to the UV-A
LED reliability.

Furthermore, the UV-A LED reliability is clearly the weak element of the chain; the only influence
of the fan in the system reliability is the Tj reduction. The β and EA are the same for natural and forced
convection, but EA is greater in cycled mode, as the influence of a decrement of temperature on the
cycled working mode is more significant than in continuous mode. Furthermore, forced convection
does not suppose a significant reduction with respect to the reliability of the isolated UV LED.

The increase in the time operation parameters (η(Tj), B50(Tj) and B10(Tj)) in continuous working
over natural convection at Ta = 40 ◦C is 4.6%, and 7.7% for cycled mode. For example, the η(Tj) at Ta

= 40 ◦C values applied to the Weibull equation are 4803 h for continuous working and 24,020 h for
cycled working.

In conclusion, for an isolated HP UV-LED with a good natural convection dissipation system,
the addition of a high-reliability fan and circuit suppose less than a 10% lifetime increment, which does
not justify the cost and increased complexity of the system. However, for industrial applications,
an array of UV HP-LEDs is the solution, as the density power per area unit will be multiplied by four
or more. In these cases, forced convection is necessary [43]. The reduction in Tj over natural convection
will be tens of degrees, and the lifetime could increase by more than double by applying the previous
equations. In any case, the cycled working mode offers the best lifetime results.

3.4. Failure Analysis

As explained above, the only failure type of this GaN-based UV-A LED was progressive optical
power degradation to under 70% of the initial optical power. This failure could be the consequence of
one or a combination of physical causes.

To identify the causes, we analyzed the evolution of the I–V curve measured during tests under
the same conditions (Ta = 25 ◦C), the evolution of the optical power output and spectra, and the
element’s encapsulation integrity, observed by microscopy and measured by thermal tests.

From the analysis, the first general result is that the reference UV LED tested without current at
Ta = Tj = 90 ◦C had insignificant degradation of the optical power output during the test, including in
the I–V curve, and no silicone degradation. In conclusion, the optical degradation of the 12 working
UV LEDs was caused by the working current in the semiconductor, and the UV radiation and thermal
stress in the encapsulation [29].

In order to compare degradation in continuous and cycled working, it is necessary to note that the
degradation process is slower in cycled working mode, because it takes half the time of real working
and there is a relaxation of Tj during the off state. In both working conditions, there are two contributors
to degradation, but the observed effects in the cycled condition were delayed in the measurements.

To identify possible degradation of thermal conductivity of the whole system in natural convection
(Figure 1a), the Tj of the UV LEDs was measured at the beginning and end of the ALT. The results
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show that there was a small temperature increase, from 1 to 3 ◦C, in Tj due to loss of efficiency of the
optical power. This suggests an increase in power dissipation for the same nominal current injection.

In Figure 5, the spectra evolution of the Led 75-1 working at Ta = 75 ◦C and cycled mode can be
seen. The wavelength peak shift due to aging is very low, with 0.78 nm of increase, and the initial value
was 369.93 nm. The break of silicone in this LED happened between 2215 h and 3500 h, which explains
the additional ratio decrease between both measurements.

Crystals 2020, 10, x FOR PEER REVIEW 12 of 19 

 

To identify the causes, we analyzed the evolution of the I–V curve measured during tests under 
the same conditions (Ta = 25 °C), the evolution of the optical power output and spectra, and the 
element’s encapsulation integrity, observed by microscopy and measured by thermal tests.  

From the analysis, the first general result is that the reference UV LED tested without current at 
Ta = Tj = 90 °C had insignificant degradation of the optical power output during the test, including in 
the I–V curve, and no silicone degradation. In conclusion, the optical degradation of the 12 working 
UV LEDs was caused by the working current in the semiconductor, and the UV radiation and thermal 
stress in the encapsulation [29]. 

In order to compare degradation in continuous and cycled working, it is necessary to note that 
the degradation process is slower in cycled working mode, because it takes half the time of real 
working and there is a relaxation of Tj during the off state. In both working conditions, there are two 
contributors to degradation, but the observed effects in the cycled condition were delayed in the 
measurements. 

To identify possible degradation of thermal conductivity of the whole system in natural 
convection (Figure 1a), the Tj of the UV LEDs was measured at the beginning and end of the ALT. 
The results show that there was a small temperature increase, from 1 to 3 °C, in Tj due to loss of 
efficiency of the optical power. This suggests an increase in power dissipation for the same nominal 
current injection. 

In Figure 5, the spectra evolution of the Led 75-1 working at Ta = 75 °C and cycled mode can be 
seen. The wavelength peak shift due to aging is very low, with 0.78 nm of increase, and the initial 
value was 369.93 nm. The break of silicone in this LED happened between 2215 h and 3500 h, which 
explains the additional ratio decrease between both measurements. 

 
Figure 5. Graphic of the spectrometric wavelength versus time of UV-A LED 75-1 in cycled working 
mode at Ta = 75 °C. 

The loss of measured optical power may be a consequence of semiconductor and/or 
encapsulation degradation. The main conclusion of the analysis was that there was a combination of 
both factors: 

• The semiconductor device degradation was observed in the I–V curve time evolution during the 
tests, which started before the encapsulation silicone degradation. 

Figure 5. Graphic of the spectrometric wavelength versus time of UV-A LED 75-1 in cycled working
mode at Ta = 75 ◦C.

The loss of measured optical power may be a consequence of semiconductor and/or encapsulation
degradation. The main conclusion of the analysis was that there was a combination of both factors:

• The semiconductor device degradation was observed in the I–V curve time evolution during the
tests, which started before the encapsulation silicone degradation.

• The encapsulation device degradation was observed by optical microscopy.

Figure 6 shows the different characterizations realized outside the climatic chamber at 25 ◦C.
Figure 6a shows the I–V curve evolution in the ALT of UV LED 75-1 from Figure 3, tested at Ta = 75 ◦C
with cycled working; Figure 6b shows the detailed I–V curve evolution of LED 75-1 in the nominal
working condition with an injected current of 0.6 A; Figure 6c shows the I–V curve evolution in the
ALT of LED 75-3 tested at Ta = 75 ◦C with continuous working; Figure 6d shows a photograph of the
final encapsulation condition of 75-1; and Figure 6e shows a photograph of the final encapsulation
condition of 75-3.

The I–V reverse curve evolution is limited because at t = 0 and during the test, the initial reverse
curve and its evolution cannot be measured because a protection device mounted in the MCPCB circuit
UV LED must be disassembled (Figure 1b). Only at the end of the ALTs of both UV LEDs and in new
UV LEDs (Figure 6a,b; t = 0 reverse) was the protection device disassembled, and the reverse current
I–V curve measured. In these cases, the direction of the current was negative, but in the figure, it is
represented as positive to allow the use of logarithmic axes. However, there was an evident increase in
reverse current in both cases, which was larger in the case of continuous working.
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was selected due to its good UV transparency and thermal resistance [33]. However, thermal and UV 
radiation conditions over the semiconductor are aggressive, and consequently there has been evident 
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Figure 6. Test results measured outside the climatic chamber at Ta = 25 ◦C. (a) I–V curve evolution
in ALT of UV LED 75-1 of Figure 3, tested at Ta = 75 ◦C with cycled working; (b) detailed I–V curve
evolution of LED 75-1 with the nominal working condition 0.6 A; (c) I–V curve evolution in ALT of
UV LED 75-3 of Figure 3, tested at Ta = 75 ◦C with continuous working; (d) photograph of cycled
working LED 75-1 encapsulation at the end of ALT; (e) photograph of continuous working LED 75-3
encapsulation at the end of ALT.

The I–V curve evolution of cycled and working UV LEDs was similar, but in cycled working it
was smaller and delayed, with less final reverse bias and less degraded forward bias, in part because
of the cycled working mode having half the real operation time and the minor Tj of the semiconductor.
The evolution was the same in equivalent UV LEDs tested at 60 and 90 ◦C.

From the curve analysis, it is possible to identify that both reverse bias and forward bias increased
over time (Figure 6) due to the degradation of the diode semiconductor characteristics, and that this
affected the optical power efficiency, which decreased with time (Figure 3). This is a common issue
in UV LEDs ALTs based on four characteristic regions in the curve [15,17,32,39,43,44]. In Figure 6a,c,
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the high reverse bias leakage current of UV LEDs in region I can be attributed to defects or threading
dislocations in the active region, which form parasitic current paths and a short active region [19,39,44],
because leakage current has a quadratic dependence on dislocation density [44]. Region II represents
low forward bias and increased generation–recombination current, mainly determined by parallel
resistance, which is degraded by dislocations. Region III represents an increase in the device’s ideality
factor. Region IV represents an increase in parasitic series resistance RS (Figure 6b) [15,17,32,43–45],
which can be attributed to either degradation of the contact metal, contact wire bonding, or the
degradation of the semi-transparent ohmic contact on top of the p-layer [3,46].

Using optical microscopy, an analysis of encapsulation was performed. We identified from
Figure 6d,e that there was no yellowing of the silicone when the temperature ALT finished. Silicone was
selected due to its good UV transparency and thermal resistance [33]. However, thermal and UV
radiation conditions over the semiconductor are aggressive, and consequently there has been evident
silicone package cracking and delamination observed in several studies [23,29,47]. In Figure 6d,e,
it can be seen that the cracking originated in the wire bonding, and the origin time depended on real
accumulated working time and temperature. The cracks occurred earlier and the evolution was worse
in higher temperatures for continuous working mode with respect to the cycled working mode, as can
be seen in Figure 6. This evolution was similar to the results and time evolution in work [29]. The cracks
produced a loss of transparency and an important reflection of emitted light in the encapsulation,
suggesting a decrease in the optical power.

It is difficult to identify the weight of every type of degradation in the total optical power, because
there is also feedback between them. Lower silicon quality results in less transparency, more reflections,
and high autoheating, which increases semiconductor degradation, leading to worse power efficiency
and more autoheating. Resolving one or both degradation sources will have a cumulative effect on the
improvement of total degradation.

In the case of silicone degradation, there was an important conclusion at the end the of Ta = 60 ◦C
test. In this case, both types of working produced I–V curve degradation, but optical microscopy
silicone degradation only appeared in continuous working; in cycled working, only semiconductor
degradation was found. Comparing degradation types, we can conclude that the main source of
optical power degradation is the device semiconductor, and the second is the silicone break.

4. Conclusions

This work analyzes, by temperature ALT, the lifetime characteristics of a high-quality commercial
GaN-based HP UV-A LED. The analysis was carried out for two dissipation convection conditions,
natural and force, and two working modes, continuous and cycled.

The lifetime of the LED is strongly linked with the technology and manufacturing process of the
specific device; therefore, it is not possible to extrapolate a strictly quantitative lifetime of this HP UV-A
LED to all commercial UV-A LEDs. However, these quantitative results offer clues to the expected
lifetime of GaN-based HP UV-A LEDs in the analyzed working and dissipation conditions.

Furthermore, the main qualitative results and conclusions can be generalized.
The device, encapsulation, and setup of temperature ALT and Tj semiconductor working conditions

in natural convection were measured (Figure 2), and compared in terms of relative and absolute values
(Table 1).

The work was focused on three objectives. First, to assess the lifetime equations (Equations (1)–(5))
for evaluating the lifetime and probability of life expectancy in any environmental conditions; to resolve
these equations, it is necessary to use the Arrhenius and Weibull parameters (Table 3) obtained in
the temperature ALTs results (Table 2, Figures 3–5). Second, to compare in equivalent conditions the
lifetime under continuous and cycled working in natural convection (Table 3) and forced convection,
identify the best lifetime conditions, and propose improvements. Third, to identify the causes of failure
and reach conclusions to improve the lifetime.

The main conclusions of this work are as follows:
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• The real-time operation and junction temperature of the semiconductor during operation are
critical for the lifetime. Higher Tj and continuous real-time operation result in high degradation
of the optical power. The cycled mode has the best lifetime values, because the intermittent time
produces a Tj relaxation and there is a significant decrease in the maximum Tj with respect to
continuous working. The curves of normalized optical power evolution show that there is more
than double the degradation in continuous compared to cycle mode, which needs to operate
doubly for the same working real-time (Figure 3).

• The advantage of cycled mode is evident for cycled or punctual UV applications such as microscopy.
For many industrial applications where accumulated UV-A energy is required, it is necessary to
consider that cycle mode doubles the time required.

• The Arrhenius–Weibull parameters were evaluated in tests under nominal convection,
and extrapolated by analyzing the complete system in forced convection. The use of these
equations is mandatory because the evolution of degradation is not linear with time.

• The activation energy (EA) was 0.13 ± 0.02 eV for continuous and 0.20 ± 0.02 eV for cycled work,
with a value of β > 3; this indicates that the UV LEDs had increased degradation over time.
Due to this, the lifetime under continuous working at Ta = 40 ◦C was 4000 h at B10 (10% of UV
LED failure) and 4488 h at B50, which are very similar values. In cycled mode, the values were
B10 = 5396 h and B50 = 9907 h, showing a bigger difference.

• Equations for evaluating the reliability of the system with forced convection were developed,
and the increase in lifetime was evaluated. We found an additional 4.6% lifetime for continuous
working mode, and 7.7% for cycled mode. This is negligible considering the increase in cost and
complexity. However, for HP LED arrays, forced convection is mandatory due to the need to
obtain tens of hundreds of watts of power in a small area, and a reduction of Tj that consequently
increases lifetime will be very relevant.

• In the failure analysis, one mode of failure was identified, optical power degradation below 70%
of the initial value, and two causes of this failure; semiconductor device degradation observed in
the I–V curve time evolution during the test, and silicon encapsulation degradation observed by
optical microscopy.

Improving GaN-based growth substrate technology and encapsulation materials is the main
objective in order to substantially increase the lifetime of HP UV-A LEDs.

For current commercial HP UV-A LED technology, the lifetime improves with lower Tj values,
and this is possible with the cycled working mode and good natural or forced dissipating systems.
The current UV-A LED lifetime is comparable to or better than that of UV-A lamps when good thermal
management is used. In cycled working mode, the net real working lifetime is over 10,000 h for B50L70;
there was 50% population failure below 70% of the original optical power.
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