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Abstract: Higher energy efficiency, more compact design, and longer lifetime of light-emitting
diodes (LEDs) have resulted in increasing their market share in the lighting industry, especially in
the industries of consumer electronics, automotive, and general lighting. Due to their robustness
and reliability, LEDs have replaced conventional light sources, such as fluorescent lamps. Many
studies are examining the reliability of LEDs as such or investigating their long-term behavior on
standard printed circuit boards (PCB). However, the thermal performance of LEDs mounted on
nonconventional substrates is still not explored enough. An interesting example for this is the
molded interconnect devices (MID), which are well known for the great design freedom and the great
potential for functional integration. These characteristics not only underline the main abilities of the
MID technology, but also present some challenges concerning thermal management. The long-term
behavior of LEDs on MID is still quite untapped and this prevents this technology from consolidating
its existence. In this context, this work highlights a developed test setup aimed at investigating
LEDs, mounted on molded interconnect devices, under combined stress conditions. The results of
the reliability study, as well as the resulting lifetime model, are also illustrated and discussed.

Keywords: test setup; measurement approach; instrumentation; light measurement; temperature
measurement; voltage measurement; light emitting diode; LED; optical devices; molded interconnect
device; MID; PCB; reliability; thermal management; accelerated life test; lifetime model

1. Introduction

The use of new manufacturing and assembly technologies, such as the assembly of electronic
components on molded interconnect devices (MIDs), presents challenges to the LED industry due
to the low thermal conductivity of plastic parts. However, at the same time, it offers possibilities to
extend the field of application of LEDs to new products. For example, MIDs are already used in the
automotive industry to implement more compact and functional components. Pressure and ambient
light sensors based on MID technology have already been installed in new vehicles. On the other side,
the long-term behavior of LEDs on injection-molded circuit carriers is still largely unexplored. Due to
the fact that LEDs are no longer, exclusively, assuming low power tasks, such as signal communication
and display illumination, but also increasingly more powerful lighting tasks, the role of thermal
management becomes particularly crucial. Leading LED manufacturers are already conducting
standardized reliability tests. Examples of used standards for such tests are presented in Reference [1]
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or in References [2,3], depending on the manufacturing location and the LED concept. Data sheets
of LEDs may or may not contain results of such tests under given test conditions. The number of
failed LEDs after a predefined time as well as the considered test conditions are generally mentioned.
This information makes it possible for the user to estimate the lifetime for the foreseen application.
It is mentioned in the standards [4,5] that the failure criteria are usually based on two performance
indicators. First of all, an LED is considered to fail if the light illuminance falls down a certain
percentage of its starting value. Usually, the limit is set to 70, 80, or 90% of the initial value. In this
work, the 70% criterion is considered in order to develop a more accurate lifetime model.

The electrical forward voltage presents the second failure criterion. An increase beyond a defined
threshold—typically 110 or 120% of the original value—by a constant current supply engenders the
failure of the LED. This is due to the fact that the ohmic equivalent resistance of the semiconductor
has risen and too much heat has been engendered. Generally, these tests are conducted on LEDs
mounted on rigid printed circuit boards (FR4: Flame retardant) with or without a metal core. However,
new substrate technologies allowing three-dimensional designing freedom, like molded interconnect
devices (MID), also simultaneously enable the direct integration of electrical functions into the molded
part. This helps to optimize the production costs by reducing the number of different parts and allows
creative design shapes that are almost impossible with standard rigid substrates. Concurrently, MID
technology poses new challenges to the lighting industry, since the thermal aspects of the carrier
should be investigated deeply. In order to make this technology suitable for industrial use, similar
lifetime tests on molded interconnect devices are essential to validate their adaptability.

LED behavior under predefined operating conditions has been investigated in several studies
before [6–9]. Different failure modes and mechanisms can occur under these different conditions [10].
Other factors, such as the packaging, can affect the reliability of the LED; this aspect was discussed
in Reference [11]. Other research works concerning different procedures for accelerated life tests
were presented in References [12–15]. Several studies consider the thermal performance of LEDs on
MIDs [16–20] by investigating the effects of different heat dissipation concepts on the heating of the
p–n junction. Other studies focus on the reliability of surface mounted devices (SMD) on MIDs under
thermal cyclic testing with respect to the thermomechanical behavior and the void formation in the
solder joints [21–23]. However, as mentioned before, no detailed investigations about the long-term
behavior of LEDs on MIDs and, consequently, about their lifetime relating to the effect of the substrate
material were conducted.

In what follows, Section 2 describes the test setup designed and developed to perform the
reliability investigations, whereas the test specimen, the design of experiments, and the experimental
procedure are presented in Section 3. The investigation findings and the lifetime model are also
summarized and discussed in Section 3. Finally, the conclusions are presented in Section 4.

2. System Design and Methods

2.1. LED Lifetime Analyzer

In this section, the test setup developed during the study in order to explore the long-term
behavior of LEDs is presented. The task presupposes two requirements. First, a large number of LEDs
has to be tested in order to attain statistical significance; and second, the tests are taking place under
different conditions, particularly at different forward current levels and ambient temperatures (testing
in climatic chamber). The emitted light from LEDs, the voltage change at the LED, and the temperature
at its solder joint need to be monitored over a long period of time. In order to tackle these challenges
simultaneously and to solve these subtasks separately, the test setup had to be separated into several
modules, which are connected to the mainboard. Figure 1 provides an overview of the complete setup,
including its submodules.
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boards. The software “LED Lifetime Analyzer”, which was developed in-house, represents the 
human–machine interface (HMI). Furthermore, two power supply units are responsible for the 
energy supply needed to operate the LEDs and to conduct the measurement. A cable connection to 
the external setup provides the LEDs with current and assures the measurement of the voltage and 
the temperature. Consequently, the external setup is separated from the actual test setup for the 
purpose of protecting the measurement boards not only against external influences, but mainly also 
against the high temperature in the climatic chamber. Additionally, optical fibers ensure the light 
coupling from the LEDs back to the light modules mounted on the test setup. The structure and the 
concept of the test setup and the associated boards are presented in the following subsections. 
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Figure 1. Overview of the test setup.

A computer is used to define the current levels and configure the layout. A communication
circuit between this computer and the actual test system needs to be set in order to send and receive
data. The test setup consists of a microcontroller mounted on the mainboard and the measuring
boards. The software “LED Lifetime Analyzer”, which was developed in-house, represents the
human–machine interface (HMI). Furthermore, two power supply units are responsible for the energy
supply needed to operate the LEDs and to conduct the measurement. A cable connection to the
external setup provides the LEDs with current and assures the measurement of the voltage and the
temperature. Consequently, the external setup is separated from the actual test setup for the purpose
of protecting the measurement boards not only against external influences, but mainly also against the
high temperature in the climatic chamber. Additionally, optical fibers ensure the light coupling from
the LEDs back to the light modules mounted on the test setup. The structure and the concept of the
test setup and the associated boards are presented in the following subsections.

2.1.1. The Test Setup

The focus of this section is on the development of the test system, which is composed of the
different components and boards. Figure 2 shows the signal flow and the task breakdown for each and
every module.
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As already mentioned before, the mainboard takes over the controlling role. In addition to this
compulsory part, up to 8 current modules can be integrated to the test system, each one of them
assume the control of up to 8 LEDs with a prespecified current level. This means that a maximum of
64 LEDs can be powered and controlled by the test setup at the same time. The current modules also
incorporate multiplexers and voltage taps on the terminals of all LED contact pads. This allows the
voltage measurement of each LED. Up to 8 light modules, equipped with 8 light sensors each, grant
the measurement of the emitted light. Fiber optics guide the captured illuminance to reach the light
sensors mounted on the light modules. Via an I2C bus, the measured values can be read out by the
microcontroller, sitting on the mainboard. Thereby, digital multiplexers are in use to prevent address
ambiguity of the sensors. As an interface between software and hardware, the development board
STM32-H405 by Olimex is used. This board houses an STM32F405RGT6 microcontroller based on
an ARM® Cortex® M4 processor, produced by STMicroelectronics. Along with this microcontroller,
the mainboard represents the central communication, measurement, and control element of the test
setup. All other boards are connected to the mainboard via ribbon cables, which is why this board is
indispensable for the function of the test setup. The tasks of the mainboard are:

• Housing the microcontroller and its peripherals, as well as logic;
• Hardware power supply with +5 V, −5 V, and +3.3 V;
• Serial communication with the control software via a USB cable;
• Switching the digital and analog multiplexers;
• Reading the values coming from the light sensors via the I2C bus;
• Analog-to-digital conversion for the voltage and temperature measurement;
• Control of the constant current levels by providing the appropriate analog control voltages.

Figure 3 illustrates the task distribution of the mainboard. Figure 4 shows the top view of
the mainboard with no microcontroller mounted on it, and the connections to different modules
are marked.

The main task of the current module is to provide the LEDs with a predefined current profile.
It constitutes of 8 LED drivers, each one in the form of a voltage-controlled constant current source.
In total, up to 8 current modules can be integrated.

Figure 5 shows the basic function of the developed module. The input signals PROF_0 to
PROF_7 represent the 8 analog control voltages specified by the mainboard. With these, the current
sources I_OUT_0 to I_OUT_7 can be individually controlled and adjusted. In addition, a tapping
of the LED voltages VOLT_0 to VOLT_7 via a voltage divider and a subsequent multiplexer takes
place at these terminals. This output voltage VOLT_X is fed back to the mainboard, where it is
analog-to-digital converted.
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Figure 5. Block diagram of the current module.

The signal lines PROF_MUX_CH0, PROF_MUX_CH1 and PROF_MUX_CH2 take over the
addressing of the voltages VOLT_0 to VOLT_7.

Each set of 4 modules together makes up a group, with the test system supporting up to 2 groups.
The first module of each group has a socket connector, which is intended for a ribbon connection
leading to the mainboard. The other 3 current modules of a group are coupled together through
their inputs. This allocation into groups is necessary to reduce the complexity of the current modules.
Figure 6 shows the different inputs and outputs of a current module.

The temperature board assumes the measurement of up to 64 temperature values by means of
platinum resistors. To this end, a constant current source based on an operational amplifier is installed
on the board. In addition, there are 8 analog profile multiplexers MUX 0–7 and one analog board
multiplexer MUX to evaluate all 64 channels with an analog-to-digital converter (ADC). In order to
increase the voltages at the measuring resistors, a non-inverting amplifier is implemented. For the
measurement, the used Pt100 resistors (R0 = 100 Ω at a temperature of T = 0 ◦C) are operated by
the constant current source with a current of IMeasure = 1 mA and connected through multiplexers.
This is shown schematically in Figure 7. The resulting voltage UMeasure is amplified to the voltage
UADC, which is converted in the ADC into the digital value DTemp. This value is used to calculate
the temperature. The digital inputs BRD_MUX_CH0 to BRD_MUX_CH2 and PROF_MUX_CH0 to
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The light module is the central element of the test system and houses 8 light sensors atop. Up
to 8 different modules can be integrated. This makes it possible to measure the emitted light of the
requested 64 LEDs under test. The light sensors of the light module are digital ambient light sensors
(ALS) with an I2C interface. They measure the illuminance Ev, LEDx, which is brought over from
the tested LEDs coaxially through the fiber optics. Figure 9 shows a schematic block diagram of the
light module.
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Figure 11 provides an overview of the built-up assembly of the complete test setup.
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modules (top, left), temperature board (bottom, right), mainboard (bottom, middle), and the two
power supply units (top, right).

2.1.2. The Software

In the course of this work and in order to operate the test setup for investigating the lifetime of
LEDs, the application software was coded in C# 6. It gives the user the opportunity to configure the
different modules of the system. In addition, this software graphically displays the present state of the
LEDs and the current measurement values of the test. Furthermore, it stores the measurement data
permanently in a readable format on the hard disk. Thus, the program outlines the human–machine
interface of the test setup.

The software offers the possibility to define different current profiles, such as constant, step, or
even piecewise linear profiles. These describe a cyclical run of the current ITarget over an adjustable
period Tcycle. Each current profile is also assigned to a measuring time tMeasure, at which the measured
value is periodically recorded. This ensures that the measurements always take place at the same
current level. Predefined are up to 8 current profiles, each one of which can be selected from the
different types of profiles presented before. For this work, only the constant current profile, shown
in Figure 12, was applied, according to the standards [4,5]. In order to properly make use of the
microcontroller mentioned in Section 2.1.1, a firmware was coded mainly in C++ and partly in C.
The main task of the firmware is the direct access to the periphery of the microcontroller.

Another task of the device-side firmware is the communication with the application software
via USB. On the one hand, it enables a data transfer from the device to the LED Lifetime Analyzer
software; while on the other hand, it also assures the configuration of the test system itself. Beyond
that, the firmware provides the logic as well as the measuring routines and, thus, conducts the actual
measuring procedure. The lifetime test is described in the firmware using the discrete system state
shown in Figure 13. A distinction is made between system states and substates. While the system
states describe the present state of the whole sequence, the substates provide information about the
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status of the current system state. Each system state initially starts with the attribute “Active” and can
change either to the substate “Successful” or, in the event of an error, to the state “Error”. Only when a
system state is successfully completed can the next system state be switched on.
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Figure 13. Discrete system states of the firmware.

The firmware starts with the state “Starting up”, which is activated with the microcontroller start.
This involves the initialization of the periphery, the instantiation of the measurement objects, and the
creation of the data structure.

This is followed by the “Calibrating Temperature” state, in which the fault resistances of the
multiplexers and the connection cables to the temperature sensors are determined. During the next
system state “Calibrating Reference”, the initial reference values of the LEDs for the illuminance Ev

and the electrical forward voltage UF are stored. As soon as the reference run has been completed
successfully, the system switches to the test run after confirmation from the user (running test). This
describes the life test of the LED, in which the current profiles run in an infinite loop. During the test,
the user will see the status of each LED in the LED Lifetime Analyzer software, which is graphically
highlighted in the event of a failure. The test run is active until the user exits the system.

2.2. Experimental Procedure

The manufacturing process of molded interconnect devices by means of the laser direct structuring
method implies the following steps. First, the laser structuring is performed on the injection molded
part. This part must contain laser-activatable additives [24]. The selective metallization or, more
precisely, the electroless plating process follows after a cleaning step. In the case of higher power
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flux and, therefore, thicker metallization layers required, an additional electroplating step is carried
out. Typically, a copper layer (about 7 µm), responsible for the electrical conduction, a nickel layer
(about 7 µm) as a diffusion barrier, and a gold layer as surface finish (about 0.1 µm) are deposited [21].
The tested LED has a maximum forward current of 25 mA and a viewing angle of 120◦ and features
a dominant wavelength equal to 470 nm (blue). By a current of 20 mA, the forward voltage value
is 3.2 V (64 mW electrical Power). The developed system can be used to test any other kind of LED
having comparable characteristics. For this work, the considered MID substrates were made of the
thermoplastic TECACOMP® PPA LDS black 4109 V, known for good thermal conductivity. An example
of the used test specimen is illustrated in Figure 14.
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test specimen.

To find out the relevant process steps, this experimental study was scheduled using the statistics
software Minitab. Table 1 presents the full factorial design of experiments and shows the relevant
factors and their corresponding stages. These stages have been defined after many experimental
trials under different test conditions, in order to prevent overstressing, and consequently, to address
the same failure mechanism. The fact that the ambient temperature and the forward current impact
the junction temperature of the LED is well-known [25]. Higher current levels engender higher
levels of heat dissipated at the junction. The ambient temperature has a similar impact. Therefore,
this temperature should be held as low as possible, otherwise unwanted effects can arise. These
can deteriorate the reliability and lead to a shorter lifetime and even to color shift in the LED [25].
Additionally, it is worth underlining that the temperature measured by the temperature sensors,
mentioned in Section 2.1, was evenly distributed across the climatic chamber. This confirms the fact
that all LEDs are tested under the same conditions. In order to consider the junction temperatures in the
lifetime model, thermal measurements by means of a thermographic camera were carried out. Thereby,
initial maximum temperatures at the LEDs, which narrowly correlate with the junction temperatures,
were measured. A key parameter for this type of measurement is emissivity. The emissivity ε
depends not only on the surface finish, but also on its color [26]. In order to consider this effect,
a comparative calibration approach using a black coating, with a homogeneous emissivity of about
0.97, was conducted. Emissivity values of about 0.96 were measured. In Figure 14, an example
of a thermographic image taken by an IR camera is illustrated. The minimum pitch between two
neighboring LEDs is about 15 mm. Figure 15 presents the external setup in the climatic chamber, with
test substrates and fiber optics adjusted through the mounting sheet. Note that the fiber optics and all
the cables used were selected by reason of their temperature resistance.
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Table 1. Full factorial design of experiments relevant factors and their corresponding stages.

Factor Stage Low Stage High

Forward current 75 mA 100 mA
Ambient Temperature 85 ◦C 105 ◦C
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3. Results and Discussion

The focus of this paper lies on the development of the test setup (Section 2). Therefore, and in order
to validate it, some results obtained by using it are introduced and discussed in the following section.
More detailed results, taking into consideration the effect of the substrate material and the real junction
temperatures measured by means of transient thermal test methods, are presented in Reference [24].
As shown in the Pareto diagram of the relevant effects, illustrated in Figure 16, the investigated factors
have a significant influence on the maximum temperature at the LED, unlike their combined effect.

This behavior confirms previously gained findings and is consistent with the results from earlier
investigations [16,17,24]. The main effects plot for the maximum temperature, shown in Figure 17,
validates these observations and shows that the difference between the two ambient temperatures
stages has the higher impact (steeper slope). Afterwards, tests were carried out using the test setup
introduced in Section 2. By way of example, Figure 18 reports the relative illuminance vs. time
dependence for LEDs from each constellation. It comes out that after an initial stage, where the
illuminances decrease rapidly, the aging process downshifts and attains a constant value. The test was
conducted until all LEDs had crossed the failure criterion L70. During this test, the failure criterion
U110, the case of the voltage surpassing the barrier of 110%, did not occur.

After the evaluation of the gained results, a distribution test was carried out. The test results,
illustrated in Figure 19, indicate that the three parameter Weibull distribution shows in three of four
cases the best correlation factors. This can already be detected on the bent curve in the probability
network of the Weibull distribution with two parameters. This is due to a failure-free time [27].
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For the exponential distribution, no correlation coefficients could be determined. This indicates
that no direct relationship was detected between the lifetime data and this art of distribution. This
is comprehensible, since with the exponential function the early failures, with falling failure rates,
can be described. Figure 20 contains the Weibull plots for the considered constellations, including
statistical lifetime parameters and 95% lower and upper confidence intervals. A shape factor of more
than one indicates some aging behavior. These shape factors, which vary from 1.21 up to 1.45, indicate
a similar failure mechanism. Investigations dealing with the analysis of these failure mechanisms, by
means of X-ray, transient thermal testing, and cross-section, were carried out and confirmed that the
delamination of the die attach is the most frequently occurring failure mechanism [24].

The characteristic lifetime LT was determined at 63.21%, in accordance with Reference [28]. It is
the time at which 63.21% of the LEDs failed. In Figure 21, the main effects plot and the interaction
plot for the characteristic lifetime are shown. Corresponding to the main effects plots in both figures,
Figures 17 and 21, it is clearly perceptible that both applied stresses, forward current and ambient
temperature, have almost the same, but opposite leverages on maximum temperature T and the
characteristic lifetime. For this reason, it can be underlined that both outcomes correlate with each
other. Higher forward current levels lead to higher maximum temperature, and consequently, to a
shorter lifetime. The same applies for the effect of the ambient temperature. Usually, an Arrhenius-type
equation is used to estimate the lifetime of a component subjected to thermal effects [29]. The developed
lifetime model, presented in Figure 22, seems to obey this rule, since the determination coefficient
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R2 is 0.9846. This underlines the excellent fitting quality. Hence, the characteristic lifetime LT fits the
following expression:

LT = CT · eEA/k · T (1)

where CT = 5 × 10−5 is the thermal factor, EA = 1.523 eV is the activation energy, k = 8.617385 × 10−5

eV·K−1 is the Boltzmann constant, and T is the maximum absolute temperature in Kelvin.
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4. Conclusions 

The aim of this work was, amongst others, the development of a test setup that can be used to 
investigate the aging of different LEDs on different MID substrates and even on conventional 
substrates, such as printed circuit boards (PCB). It was required to monitor the physical LED 
properties, more precisely the illuminance, the temperature at the solder joints, and the electrical 
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