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Abstract: LED lamp beads (hereinafter referred to as LEDs) are complex electronic components,
and their degradation process shows multi-stage characteristics. Ignoring the effects of multi-stage
degradation and stress coupling will lead to a higher theoretical lifespan. In this paper, a Wiener
process model based on generalized coupling is proposed for the staged degradation of LEDs. This
paper first conducts accelerated degradation tests on LEDs under different temperature, humidity,
and current stress combinations to obtain three index parameters of LEDs. Light output performance
(LOP) is selected as the degradation characteristic quantity, and the Shapiro-Wilk test is used to de-
termine whether the parameters conform to the normal distribution. Then, the unknown parameters
of the multi-stage Wiener process are estimated and a generalized coupling model is established
using the unknown parameters and accelerated degradation test data. Finally, the LED life under
standard stress is extrapolated based on the multiple stress acceleration factors. The analysis of LED
reliability experimental data shows that the proposed method can realize reliability assessment and
has higher lifetime prediction accuracy compared with the multi-stage model without considering
stress coupling.

Keywords: LED; multi-stress coupling; Wiener process; reliability; acceleration factor

1. Introduction

As key components of electronic equipment such as communication, sensing, and
optoelectronic coupling, LEDs’ reliability evaluation and life assessment are of great im-
portance for enhancing the performance and health monitoring of electronic equipment.
High reliability has become a prominent feature of the current service life in the field
of LED engineering. While it is becoming more and more difficult for LED products to
fail, this factor is also accompanied by an increase in the difficulty of obtaining exact life
data. Therefore, performance degradation analysis provides a feasible way for product
life prediction and reliability assessment. The performance degradation analysis method
not only removes the drawbacks of over reliance on life data but also deeply mines the
reliability information hidden in the degradation quantity. Therefore, it is very impor-
tant to apply a suitable model to match the performance degradation trajectory of LEDs.
Common modeling methods can be mainly divided into three categories: physical model,
deep learning model, and degradation quantity distribution model. The physical model
requires a specific analysis of the internal operating mechanism and external use conditions
of the equipment. The evaluation accuracy is high, but the universality of the model is
poor, and it is difficult to cover the specific conditions in other fields [1,2]. Deep learning
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models are highly inclusive and adaptable, making them well-suited for situations where
the degradation process lacks regular patterns. However, when the amount of data is
insufficient, they are more likely to overfit, mainly because they perform poorly on unseen
data [3]. The modeling method based on degradation quantity avoids the specific analy-
sis of the internal structure and mechanism of the test product and therefore has strong
adaptability. Research on the distribution of performance degradation quantity mainly
focuses on three directions: random variable method, graph analysis method, and random
process method. The random variable method and graph analysis method must assume
that the degradation path is certain, and can only be suitable for products with obvious
degradation characteristics and simple failure mechanisms. However, the most serious
problem is that we ignore the differences in the degradation of the same products under
the same conditions. The stochastic process method of degradation is a statistical method
grounded in stochastic process theory to describe and model the degradation behavior
of products or systems. It predicts the life and failure time of the system by considering
degradation as a random variable that evolves. This method is particularly suitable for
predicting the life of products that cannot be directly observed through a single stress test,
especially under complex and multi-factor degradation mechanisms [4].

At present, many scientists have studied the degradation of LEDs. Mehr found that
the stress conditions used are an important factor in the life of LED lamp beads, especially
temperature and humidity, but did not take into account the degradation stage and stress
coupling of LED chips [5]. Fu-Kwun studied the accelerated degradation test of LED light
strips under temperature and current stress but did not consider the coupling effect and
degradation stage of LED temperature and current, resulting in an overestimation of their
life [6]. Miao studied the life prediction of ultraviolet LEDs under working conditions. Since
only temperature was considered as a degradation factor, the maximum error between the
estimated life and the actual life at 8000 h was 16%, and the accelerated degradation process
of ultraviolet LEDs in the middle was not considered [7]. In research on UV LEDs, Liang
used the dual stress of temperature and current for degradation testing but did not test
the changes in the failure mechanism of LEDs caused by the step up in temperature and
current. The article also did not consider the impact of the temperature—current coupling
effect on the life of the UV LEDs after adding the two stresses at the same time [8]. Wang
found that LOP degraded into two stages in the stress test of some luminous products, but
did not take into account the mutual influence between different stresses [9]. LED testing
needs to consider the true correlation between stresses. Failure to consider stress coupling
will lead to large deviations in reliability.

The Wiener process model has fewer parameters and higher prediction accuracy, so it
is widely used in the degradation modeling of various equipment and materials [10,11].
To solve the heterogeneity in the samples, Si added the standard Brownian motion to
the Wiener process, it has good universality, but its applicability to degradation under
multi-stress coupling and multi-stage degradation is poor [12]. Li used the Wiener pro-
cess to predict the life of the main insulation material of the motor but did not consider
the degradation stage trend and other stress couplings under temperature stress, which
is not suitable for actual application scenarios [13]. To deal with the above-mentioned
problems, a reliability evaluation method of the multi-stage Wiener degradation process
under generalized coupled accelerated stress is proposed. Based on the analysis of the
LED degradation mechanism, LEDs are subjected to accelerated degradation tests under
five different constant temperature humidity current stresses. LOP is selected as the degra-
dation characteristic of LEDs. An LED degradation model based on a three-stage Wiener
process was established, and the unknown parameters of the model were determined
by the maximum likelihood estimation method. According to the parameter estimation
of the Wiener process and the accelerated degradation test data, a generalized coupling
model based on the Arrhenius model was constructed, and the prediction of LED light
output power (LOP) degradation at room temperature was realized through multi-stress
acceleration factors. The rest of this article is as follows. The accelerated degradation
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test of this study is shown in Section 2. The detailed method of this study is in Section 3.
The reliability evaluation and discussion of LEDs are in Section 4. Section 5 summarizes
this study.

2. Materials and Methods
2.1. Selection of Accelerated Stress

At high temperatures, the electron mobility of semiconductor materials will degrade,
resulting in lower LED luminous efficiency. The mechanical properties of the packaging
material will degrade, and microcracks or peeling may occur at the interface between the
semiconductor chips, leading to failure. The phosphor, encapsulation resin, and other
materials inside the LED will decompose or deteriorate at high temperatures, resulting in
reduced luminous efficiency, color drift, and other problems. High humidity will lead to
LED packaging material absorbing moisture, causing the internal circuit to become damp,
and increasing leakage current. Silicone or epoxy resin may undergo xanthation after
absorbing moisture, affecting optical performance and reducing luminous flux output [5]. In
long-term high humidity environments, the luminous efficiency of phosphor will decrease,
resulting in changes in brightness and color temperature. When LEDs operate at a high
current, the luminous efficiency usually decreases, which is called an efficiency droop.
A high current will cause the LED to generate a large amount of heat, causing local
overheating of the chip. The resulting thermal stress will cause microcracks and physical
damage to the chip [14]. Therefore, this paper selected temperature, humidity, and current
as accelerated degradation stresses.

2.2. Accelerated Degradation Test Design

The specifications of the LED selected in this article are shown in Table 1. The rated
voltage of this LED was 3.3 V, the current was 10 mA, the operating temperature range was
—25-60 °C, and the humidity was 40-75%. The manufacturer gave the LED a life of about
20,000 h at 25 °C, 40% humidity, and 10 mA current, which was the standard for this article.

Table 1. Specifications of the LED.

Item Value
Burden: voltage circuit 33V
Burden: current circuit 10 mA (100 mA)
Temperature —20-65 °C
Humidity 40-75%

Following TM-28-14 [15], we conducted a single stress 85 °C test for 6000 h. Since
the LED life under single temperature stress may be about 12,000 h, the test time at too
low a temperature was too long, which increased the experimental time cost. According to
the literature [16], five different stress combinations of degradation tests were selected, as
shown in Table 2. Under actual working conditions, the chip P-type electrode and P-finger
burned, and the N-finger burned abnormally. The failure mechanism of the LED selected
under the five stresses was consistent with the failure mechanism of the LED in reality.
However, whether it is possible to increase the stress level and reduce the time loss while
keeping the failure mechanism unchanged is also a future research direction.

Table 2. Test conditions.

No. Temperature (°C) Humidity (%) Current (mA)
S1 85 45 20
S2 85 85 20
S3 85 85 220
S4 95 45 525

S5 150 45 300
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Three different temperature gradients were selected, mainly because the combination
of high temperature and high current cannot change the failure mechanism of LEDs.
Humidity has two gradients: normal humidity and high humidity. The four current
gradients are better for reflecting the coupling effect with other stresses. Considering that
if one LED fails during the test, according to the confidence level of 0.8 and the sample
confidence of 95%, the number of samples n for the five groups of tests S1-S5 should
be greater than or equal to 59 [17]. Since the test PCB board was a group of 10 LEDs,
that is, each group of S1-S5 used 60 LEDs for testing, a total of 300 LEDs from the same
manufacturer and the same batch were tested.

2.3. Accelerated Degradation Test

According to the TM-28-14 standards, three types of data—light output performance,
forward voltage, and cut-in voltage—were measured after each test cycle.

Light output performance (LOP) is an important indicator for evaluating the light
output characteristics of LEDs or other light sources. When the LOP of an LED drops to
70% of the initial value under certain conditions, the LED is considered to have failed. The
usage time under this condition is the LED life, marked as L70. To maintain the consistency
of the tested LEDs, the ones with similar initial brightness are selected as a group. BE
(basic error) is the deviation between the measured LOP of the LED and its initial LOP,
defined as the following Equation (1). In this paper, LEDs were declared failed when LOP

BE was 0.695.
_ Loptest - Lopint

LOPint

The forward voltage (Vg) of an LED can change over time, especially during the aging
process. As time goes by, the internal structure of the LED may change, causing the forward
voltage to increase or decrease. Monitoring this value can help predict the life of the LED.

The cut-in voltage (Vi) generally refers to the voltage value under a small current
(close to the turn-on voltage), that is, the test current is 1 uA, at which no thermal effect
occurs. It mainly reflects the consistency ability of the LED chip, the defect status of the
epitaxial (PN junction part), etc. That is, under the 1 uA test condition, the larger the value,
the better. Taking the LED chip in this paper as an example, when it was less than 2V, it
could be considered that the LEDs had failed.

Before starting the experiment, due to the differences in LEDs, it was necessary to first
obtain each LED’s initial light output power (LOP) value. Figure 1 below shows a complete
test cycle.
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1. The LEDs were put into the Nissoku programmable constant temperature and
humidity tester, and degradation tests were performed on 6 groups of PCB boards (10 LEDs
per group) according to certain conditions according to the degradation data collection
time under each stress shown in Table 3.

Table 3. Degeneration data acquisition time under different stresses.

Test Stress Level Time of Data Measurement/h

0,24,72,119, 168, 313, 532, 699, 867, 1033, 2091, 3105, 4416,
5420, 6427, 6523, 6619, 6751, 6811, 6907, 7003, 7195, 7387

0,24,72,119, 168, 313, 532, 699, 867, 1033, 1149, 1319, 1487,

S1 (85 °C 45%RH 20 mA)

52 (85°C 85%RH 20 mA) 1846, 2091, 2895, 3105, 4416, 5420, 6427, 7387, 7430

o o 0,24,72,119, 168, 313, 532, 699, 867, 1033, 1149, 1319, 1487,
53 (85 °C 85%RH 220 mA) 1750, 1846, 2091, 2283, 2475, 2895, 3105
S4 (95 °C 45%RH 525 mA) 0,24,72,120, 168, 216, 264, 312, 360, 408, 456, 504, 552, 600,

648, 696, 744, 792, 840, 888, 936, 984, 1032, 1080

0,24, 72,120, 168, 216, 264, 312, 360, 408, 456, 504, 552, 600,
648, 696, 744, 792, 840, 888, 936, 984

S5 (150 °C 45%RH 300 mA)

2. In order to prevent condensation between the damp PCB and the air, which
may cause unexpected failures of the LEDs, the PCB needed to be baked for 1 h for
dehumidification when performing S2 and S3 of the high humidity test.

3. Ion fans were used to neutralize static electricity on the PCB, as static discharge may
cause LEDs to break down.

4. In many cases, even though there is no physical damage or burn marks on the LEDs,
the LEDs fail due to limitations in the formation of crystal defects in the chip epitaxial
layer structure [18]. In this case, a multimeter was needed to test whether the LEDs
were damaged.

5. The six PCB boards were placed into the Weimin tester to test the light output
performance, forward voltage, and cut-in voltage of the LEDs.

2.4. Data from an Accelerated Degradation Test

Since the degradation of a single case is random, 60 LED samples were used under
each stress. Each test cycle of S1-55 needed to measure the three indicators of LEDs: VE,
Vrin, and LOP BE. The horizontal axis in Figure 2a—e is time. It should be noted that the
time shows the measurement time in Table 3. The time axis in Figure 2f is the normal time
axis. The y-axis of Figure 2a,b is VF, the y-axis of Figure 2¢,d is Vpi,, and the y-axis of
Figure 2e,f is LOP BE. Figure 2a shows the VF degradation of LEDs under S1 stress, where
511 represents the first test LED under S1 stress, and avr represents the average VF value of
the 9 LED:s in this group. Figure 2b shows the VF degradation of 9 LEDs under S3 stress,
and avr represents the average VF value of the 9 LEDs in this group. Figure 2c shows the
Vrin degradation of 9 LEDs under S2 stress, and avr represents the average VF value of the
9 LED:s in this group. Figure 2d shows the Vg, degradation of 9 LEDs under 54 stress, and
avr represents the average Vg, value of the 9 LEDs in this group. Figure 2e shows the LOP
BE degradation of 9 LEDs under S5 stress, and avr represents the average LOP BE value of
the 9 LEDs in this group. Figure 2f shows the average LOP BE degradation of 60 LEDs in
each group under 51-55 stress.

As depicted in Figure 2a, under the S1 stress condition, the Vi of LEDs varied from
3.303 V to 3.399 V, and S14 stopped at 6523 h because S14 was in a failed state at that
moment. The last acquisition time of S11-519 was the failure life of the LED. As shown in
Figure 2b, 531, 532, and 539 had voltage mutations at 1033 h, 1149 h, and 3105 h, respectively.
In the following tests of 1149 h, 1319 h, and 3297 h, Vp = 19.999 V, that is, the LEDs were
burned out, and LOP BE was —1. As can be seen from Figure 2a,b, the degradation of
Vr in LEDs was not obvious, and it was not suitable as a degradation of LEDs. However,
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it is a good research direction to find out the accidental failure of LEDs in advance by
measuring Vg; however, the measurement time interval and the sporadic occurrence may
be issues to be considered. Figure 2c shows the change of Vi, over time under S2 stress.
521 and S25 experienced sudden changes at 1149 h and 2091 h, and the LED was directly
short-circuited, resulting in a measured voltage of 19.999 V. 529 experienced a sudden
change in Vi, at 7387 h and a short circuit occurred at 7430 h. Figure 2d shows that S41
experienced a sudden change in Vi at 552 h, 542 and 543 at 696 h, and 549 experienced an
LED short-circuit at 1080 h, resulting in a Vi, of 19.999 V. It should be noted that only S29
experienced a sudden change in Vi, before the occasional failure, but it may also be that
the change was not collected due to different measurement times. From Figure 2¢,d, it is
evident that Vg, was not degraded.

LOP BE is a degradation characteristic quantity of LEDs, which has a clear trend of
LED degradation and is strongly correlated with stress levels. Figure 2f shows the average
LOP BE variation trend of S1-S5 under different temperatures, humidity, and current
stresses. The figure shows that the difference in life grew as the stress level increased,
among which temperature stress was the most obvious. In Figure 2f, we can see that, under
51-53 stress, LEDs” LOP BE had obvious stage changes. Although the degradation stage
under S4 and S5 high stress was not very obvious, it can also be seen that LED degradation
was staged. Under S1-53 stress, LED degradation was slow in stage 1, accelerated in stage
2, and slow in stage 3. The early degradation under S4 and S5 stress was relatively short. To
better understand the degradation mode of LEDs’ LOP BE, Figure 3a—e show 300 sample
LEDs under S1-S5 stress/ three-stage LOP BE.

In Figure 3a—e above, the degradation of LEDs under 51-S5 stress is shown. The
horizontal axis is the degradation time, the vertical axis is the number of samples, the
z-axis is the LOP BE degradation, and the 20th sample on the vertical axis is the average
degradation of all 60 samples. In the LED LOP BE degradation, we found that the LED
degradation had three stages. To better show the stage changes, the internationally common
warning colors of blue, yellow, and red were used to represent the initial degradation,
accelerated degradation, and late degradation. The specific inflection point position is
introduced in 3.3 of this paper. Notably, under S1 stress, we observed that the change in
LOP for the first 2091 h of the LEDs was positive. Under S2 stress, the LOP BE change of
LEDs in the first 1033 h was positive, and the brightness exceeded the initial value. During
the 24 h to 72 h of S5 stress and the 120 h to 168 h of 54 stress, the rate of change in LOP BE
also rose, but the LOP BE was not positive. The reason is that the newly produced LEDs
may not have fully stabilized internal materials in the initial working stage. When the LED
was activated, the electrons and holes inside may have rearranged, causing the light output
to gradually increase until it reached a stable state. Under S5 stress, there was also an initial
two-level differentiation. At 0-24 h, the LOP BE range was —0.0038 to —0.0864. There
was a group of 10 samples with a specific range of —0.0038 to —0.0096, and the remaining
50 samples had a range of —0.0597 to —0.094. This is also reflected in Figure 2e. However,
it returned to normal values during the 24-72 h test. The specific reason is not yet known.
It may be that the problems in the test process of this group of experiments caused the
abnormal situation of this group of data. This paper temporarily calculates the correct data
according to the values of this group.

To better understand the degradation of LOP BE of LEDs under various stresses, we
plotted the following Figure 4.

In Figure 4, the horizontal axis is the degradation time, the vertical axis is the five
stresses S1-55, and the z-axis is the degradation amount. The large figure shows the
average degradation curves of the five stresses S1-S5 LOP BE, where the blue solid points
are the change points in three different stages, connected by black dotted lines. Since the
degradation time of 54 and S5 was relatively short, it is difficult to see the position of the
change points in the 3D graph, so the average degradation curves of S4 and S5 are drawn
in the upper left corner of Figure 4, and the blue solid points are marked as change points.
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Figure 2. (a,b) are the degradation trends of LEDs’ VF, (¢,d) are the degradation trends of LEDs’ Vg,
(e,f) is the degradation trend of LEDs” LOP BE.
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Figure 3. Three hundred sample LEDs under S1-S5 stress/ three-stage LOP BE. Among them, (a) is
the LOP degradation diagram under S1 stress, (b—e) are the LOP degradation diagrams under S2-55
stresses respectively.
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3. LED LOP BE Degradation Modeling
3.1. Degradation Model Selection

Since the degradation of LEDs” LOP BE is caused by the accumulation of a large
number of tiny losses, it can be considered to be modeled using a univariate Wiener
process [18]. The internal structure of the LED is corroded by thermal, electrical, and
moisture stresses over a long span, and the reduction in life expectancy is due to the
accumulation of a large number of tiny losses, which also conforms to the characteristics
of the Wiener process. The Brownian motion in the Wiener process can incorporate the
randomness and contingency of the LED operation process into the model. Therefore,
the article selects a model grounded in the Wiener process that can reflect cumulative
and random degradation as the degradation model of LEDs. The degradation model
selects a univariate Wiener process, and the feature quantity X(t) must satisfy the following
three assumptions:

1. The increment between any period [t, t + At] follows a normal distribution, that is,
X(t+ At) — X(t) ~ N(puAt,0?At).

2. Inany two non-intersecting periods during the degradation process, [t1, 2] and [t3, t4],
thatis, f1 < t, < t3 < t, increments X(t;) — X(t1) and X(t4) — X(t3) are mutually
independent.

3. P(X(0) =0) = 1. This means that the univariate Wiener process is determined from
its value at time t = 0 to be 0, which is an initial condition.

If the degradation process that we consider has random factors, then the univariate
linear Wiener process model with drift is as follows in Equation (2):

X(t) = X(0) + 60t + cW(t) ()

where t is the degradation time, X(0) is the initial degradation amount, 6 is the drift
parameter, which refers to the average rate of change of the degradation characteristic. ¢ is
the diffusion parameter, which represents the randomness of the change and reflects the
influence of random factors such as measurement error and noise on the degradation during
degradation. W(t) is the standard Wiener process. X () represents the total accumulated
degradation of the LED’s LOP at the moment .

In this paper, LED LOP BE was selected as the degradation characteristic quantity, and
LOP BE needed to be tested for normality before degradation modeling.
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3.2. Multi-Stage Degradation Modeling Based on the Wiener Process

For LEDs, the degradation process of their entire life cycle presents multi-stage char-
acteristics. In other words, the degradation rate of LEDs’ performance indicators will
change significantly in the early, middle, and late stages of degradation. Using a single
Wiener process cannot accurately express its degradation performance. Therefore, this
paper proposes a multi-stage degradation process model based on the Wiener process. The
LED degradation process needs to meet the following assumptions:
1. When the LED’s LOP BE X(t) reaches the failure threshold D = 0.695 for the first time,

the equipment is considered to have failed.

The reliability function R(t) of the system is the likelihood that the system remains
operational up until time ¢. This probability can be expressed as the following Equation (3):

R(t) = P(X(t) < D) 3)

To the probability of R(t), it needs to consider the degradation process within each
stage and across stages separately.

2. The degradation process of the device conforms to the multi-stage degradation form.
Assume that the device goes through k stages, and each stage has different drift and
diffusion parameters. The specific model can be expressed as following Equation (4):

X(O)+91f+(71W(t), 0<t<m

X(n) +6:2(t — 1) + 2(W(t) = W(n)), T <t<n @

X(Tk—1) + Ok(t — 0p—1) + ok (W(t) = W(Tk—1)) 1 <t

The time point when the stage i ends is time 7.

According to the above Equation (4), the three-stage Wiener process model is as
follows:

Stagel: (0 <t< 7))

In the first stage, the degradation process just follows a simple Wiener process as
described by the following Equation (5):

X1(t) = X(0) + 61t + W (¢) (5)

At this time, the probability density function fx, (x, t) of the process is the probability
density function of the standard Wiener process as follows in Equation (6):

(x — X(0) — 91t)2> ©

1
fx, (x,t) = ——exp <— >
' \/2mo?t 207t

The reliability function of LED in stage 1 is as follows Equation (7):

Ry(t) = P(X(t) < D) :P(xm);\e}tt—D _ w\/(;)) :¢<W> 7)

where ® () is the standard normal distribution function.

Stage2: (17 <t < ™)

The degradation of LED LOP in stage 1 will affect the degradation in stage 2. The
expression of stage 2 is as follows in Equation (8):

Xo(t) = X(m) +02(t — 1) + 2(W(t) — W(m)) (8)
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Since X(17) is a random variable, the probability density function in stage 2 needs
to be expressed by conditional density. Assuming that we already know X (1) = x1, the
conditional probability density function of X;(t) is as follows in Equation (9):

1 (x—x1—63(t —m))°
fxalX(m)=n (X, 1) = exp| — ©)
2| X(1)=x1 2711722(t—’f1) 2(722(1‘—’[1)
The reliability function of LED in stage 2 is as follows in Equation (10):
D — X(Tl) — 92(t — Tl)
Ry(t) = 10
2( ) ( U’ZM ( )

where X(71) = x1 is the solution obtained by combining the results of the first stage.
Stage 3: (1o < 't)
In stage 3, the degradation process continues to be affected by the first two stages, as
expressed in Equation (11):

X3(t) = X(12) +63(t — 2) + a3 (W(t) — W(2)) (11)

Similarly, when X(1,) = x; is given, the conditional probability density function of
X3(t) is as follows in Equation (12):

1
fX3‘X(T2):)C2(x/ t) = eXp <_
2702 (t — 1)

(X—XQ—Qg(t—’Q))Z) (12)

203 (t — 1)

The reliability function of the system at this stage 3 is as follows in Equation (13):

D — X(Tz) — 93(t — Tz))
aVi—T

Similarly, since X(1,) is the cumulative result of the first two stages, we need to
consider the entire process comprehensively.

(13)

Rs(t) =q><

3.3. Change Point Detection

The process of judging whether a model has a change point is the process of selecting
a model. SIC (Schwarz information criterion) change point detection is a statistical method
used in time series analysis to identify structural change points in a sequence. The principle
is that the entropy of its sample is greater than the entropy of the sample without a change
point, which is defined as the following Equation (14):

SIC = —21In(L) + kIn(n) (14)

where L is the maximum likelihood function of the model, k is the quantity of parameters
in the model, including the location of the change point. # is the number of samples.
According to the SIC principle, to identify the point of change, the following assumptions
are made in this paper:

Null assumption Hy: the parameter values are equal, that is, there is no change point in
the model. Alternative assumption Hj: there is a change point 7; before 7 it degenerates to
Xy (t; u1,0%), after T it degenerates to X (t; pi2, 07 ). Then, according to the above Equation
(14), SIC(n) under the original assumption Hj is the following Equation (15):

n
SIC(n) =nln2m +nin) (Ax; — AT +n+(2—n)lnn (15)
1
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n
where Ax = %Z Ax;.
1
SIC(k) under the alternative assumption H; is as follows Equation (16):

n n
3 (Axi — A%)? +4lnn+ (n—K)In 2 Y (Ax; — AT)? —n (16)
1

SIC(k) = nIn27 + kIn
e

| =

k n
where A¥; = 1Y Ax;, A%, = - ¥ Ax;.
1 k+1

Through the SIC method, the degradation information can be used to estimate the
time when the change point of LEDs occurs. One of the disadvantages is that SIC tends to
select fewer change points, which may cause important change points to be ignored and fail
to fully capture the complex changes in the data. In addition, in the case of multiple change
points, parameter estimation may be inaccurate, affecting the effectiveness of change point
detection. Another disadvantage is that the change point can only be the test time, and the
specific change point time is unknown. When using the Schwarz information criterion (SIC)
for change point detection, we verified and confirmed the location of the change point by
combining numerical results with graphical analysis. First, we plotted the LED degradation
data into a time series graph. This allowed us to visually see the changing trend of the
data, especially whether there were sudden changes or fluctuations in the degradation
rate. Then, by calculating the SIC value at different change point positions, we plotted the
changes in the SIC value over time. Usually, the SIC value would fluctuate significantly at
the change point position, with a local minimum or inflection point appearing. The data
segments corresponding to these inflection points changed greatly, indicating the potential
change point location. Finally, the SIC method was combined with the intuitive observation
value method to find the change point of LED LOP BE degradation.

3.4. Estimation of Parameter Values Under Accelerated Stress

For samples from the same batch, due to the differences in materials, production
processes, etc., the individual drift coefficient can be considered to be p, which is the
degradation rate of LEDs, and the diffusion coefficient o, which represents the random
factors in the degradation of LEDs. Assume that the LED is exposed to a continuous
stress accelerated degradation test, Sy is the normal working stress level, S is the kth
accelerated stress level, and the k value in this paper is 1-5. X;j is the jth measurement
value of the ith sample under the kth accelerated stress. t; is the time point at which the
ith sample is measured for the jth time under the kth accelerated stress, where the value of
iis 1-60, and the value of j is the number of measurements at different stresses in Table 3.
The number of measurements under stresses S1-55 is different. AX;j = Xjj — Xi(i—1)k
is the performance degradation amount, and At;j, = t; — tij—1)k 18 the time increment.

Based on the properties of the Wiener process, we know that AX; ~ N (yAtl-jk, O'ZAi’,-jk) .
Since the above assumption is that the product performance degradation meets the multi-
stage property, there are n; measurement data of the n measurement data of each sample
belonging to the performance degradation of the qth stage. Then, the maximum likelihood
function is established for the measurement data (AXijk, Atl-]-k) of each stage, as follows in
Equation (17):

2
L ) ﬁ 1 (Axijk*ﬂikAfijQ
Hiks Oik) = exp | — 2
ZUikAtijk

=1 7/ anjZJ(Atijk

According to above Equation (17), the maximum likelihood estimation can be used to
estimate the square value of the drift coefficient and diffusion coefficient of each sample
based on the multi-stage Wiener process: (jij, 07)-

(17)



Electronics 2024, 13, 4724

13 of 21

3.5. Construction of Multi-Stress Degradation Rate Model

High temperature causes the material to expand and stress to increase, while high
humidity causes water vapor to invade the material. This situation will intensify the
chemical decomposition or hydrolysis of the packaging material (such as epoxy resin,
silicone), causing the packaging layer to lose its sealing properties, making metal wires
and other materials more susceptible to oxidation and corrosion. When operating in a high
temperature and high humidity environment, a high current will further increase the
thermal burden of the chip and packaging materials, resulting in more heat accumulation,
causing the internal temperature of the LED to continue to rise, leading to thermal aging
and degradation of the material. The combined effect of high temperature and high
current may cause the packaging material to crack under stress, affecting the sealing of
the packaging and the overall performance of the LED. A high current will generate more
heat, and in a high temperature environment, the heat dissipation effect of the LED will be
affected, resulting in heat accumulation in the chip and packaging materials. This thermal
accumulation effect will accelerate the degradation of the LED chip and increase the speed
of brightness decay. In summary, it is necessary to consider the coupling effect of LED
under different stresses.

The Arrhenius model is a significant framework in chemical kinetics and is extensively
applied in accelerated testing models, as referenced in papers [19-22]. It typically de-
scribes the relationship between the degradation characteristic quantity and the individual
temperature stress between products, which can be represented by Equation (18):

K(T) = mpexp(2) 18)
B
where k(T) represents the reaction rate, o, Ea, and kg are constants representing the failure
mechanism constant, the activation energy of the chemical reaction, and the Boltzmann
constant, respectively, and T represents the reaction temperature in Kelvin.
Drawing on the Arrhenius model, Pham et al. studied the product reaction rate model
under temperature and voltage, and temperature and humidity dual stress [23-25], as
shown in Equation (19):

lXé Xz

+ ks T ) (19)

k(T,X2) =ag exp(i) -exp (a2 Xa
kgT
where X; represents voltage or humidity stress, a5 X, /kpT represents the coupling term of
humidity stress or voltage stress, and «yp, zxg are unknown parameters.
If the temperature stress is represented by X; and the stress coefficient term is rep-
resented by a4, the product reaction rate model under double stress can be expressed as
follows in Equation (20):

k(T,X5) = agexp(a1 X7) - exp(aaXy) - exp(az X1 X3) (20)

For better promotion, according to the above dual stress reaction rate model, the N
stress reaction rate models based on the Arrhenius model will consist of individual stress
terms such as temperature, humidity, current, etc., dual stress coupling terms such as
temperature and humidity coupling terms, temperature, and current coupling terms, and
so on. The three stress coupling terms until all stress coupling terms are the product of N
terms, and the expression is as follows in Equation (21):
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N N
k(ag,a0,...0n) = ao TT exp(amXm) x 1T exp (o, Xm Xn) X
m=1 m=1ln=1m#nm<n,
=N+1,N+2,...N+C3
IT exp(apXmXnXp) X - -exp(anX1 X2 - - - XN)

m=1ln=1Lp=1lm#n#pm<n<p,
b=N+C}{+1,N+C}+2,...,.N+C}

where X, represents N different forms of stress, «, is an unknown parameter of the model,
m < n is intended to ensure that the product terms do not include identical items. The first
product term on the right side of the equation represents the effect of N distinct stresses
on the reaction rate without coupling. In contrast, the second product term through to the
last term on the right side indicates the potential impact of stress coupling on the reaction
rate. According to [16], this type of LED has coupling effects in temperature, humidity, and
current. For comparison, this paper calculates the two models of full stress coupling and
uncoupled stress as follows in Equation (22):

k1 (a0, 11, 12, 013) = 10 X exp(a11X1) X exp(a12Xz) x exp(a13X3)
kz(&zo, K21, .. ,0{27) = Ky X exp(oc21X1) X exp((x22X2) X exp(a23X3) X (22)
exp(zxz4X1X2) X exp(a25X1X3) X exp(zx26X2X3) X exp(uc27X1X2X3)

In the above Equation (22), k1 represents the degradation of LED LOP BE without
considering coupling, k2 represents the degradation of LED LOP BE with considering full
coupling, and axy represents the coefficient to be estimated. Among them, x represents the
above two cases, and y represents the identifier of the value to be estimated.

In this paper, we believe that the value of the o diffusion parameter is also related to the
stress magnitude and has a strong coupling effect with temperature, humidity, and current
stress. Therefore, according to Equation (22), we also estimate the unknown parameters in
the diffusion parameter as follows in Equation (23):

o1 (@30, 31, 432, 233) = &30 X exp(az1Xq) x exp(azXs) x exp(a33X3)
0’2(0(40, K41, .- - ,0(47) =y X exp(zx41X1) X exp(uc42X2) X exp(tx43X3) X (23)
exp(asaX1Xp) X exp(ag5X1X3) x exp(asX2X3) X exp(aayX1X2X3)

We then normalize the stress according to Equation (24) below.

G=ES)= DO N (24)
Sin — Sio

According to the above Equation (24), standardize the three stresses of temperature,
humidity, and current are standardized as follows in Equation (25):

() - ()
=8 = il o)

o \ _ logRH;—logRHj
82 = §(RH;) = 1R —Tog RHly

(25)

_ N _ logli—logIjp
63 = &(I) = gTy—oghy
¢1 represents the standardization of temperature stress, and ¢, and (3 indicate the
normalization of humidity and current stress. It should be noted that the unit of temperature
stress is Kelvin temperature.
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3.6. Unified Paradigm of Multiple-Stress Acceleration Factor Model

The acceleration factor (AF) is used to quantify the rate at which a physical phe-
nomenon is accelerated under different conditions. It is usually used in reliability analysis,
life prediction, and accelerated testing [26,27]. The main application scenario of the ac-
celeration factor of LEDs is in accelerated aging tests, where the failure time is shortened
by increasing the temperature, humidity, current, or other stresses, using the shortest
possible time to estimate its service life under rated working conditions. Assuming that the
accelerated stress to which the LEDs are subjected is S, the ith and jth accelerated stress
levels are S; and S;, and the product life under the accelerated stresses S; and S; are ¢; and
t; respectively, and the acceleration factor of stress S; equivalent to stress S; can be defined

as the following Equation (26):
t .
_
AFj = i (26)
Life is proportional to the reverse reaction rate in the model, according to Equation
(21), and the relationship between life and stress can be obtained as Equation (27):

N N
L(ay, ap,...an) = ao [T exp(—amXm) X IT exp(—ag XmXn) X
m=1 m=1ln=1m#nm<n,
=N+1,N+2,..N+C
. a + + +Cy 27)
IT exp(—apXmXnXp) X -+ -exp(—anX1Xp -+ Xn)
m=1ln=1Lp=1lm#En#pm<n<p,
b=N+C}{+1,N+C}+2,...,N+C}
After standardizing Equation (27), the following Equation (28) is obtained:
N N
L(ag, ap,...an) = ao [T exp(—amGm) ¥ I exp(—agGmGn) ¥
m=1 m=1n=1m#nm<n,
=N+1,N+2,...N+C3%

N

I1 exp(—apGmGnlp) X - -exp(—anGi62- - N)
m=1ln=1Lp=1lm#En#pm<n<p,
b=N+C{+1,N+C{+2...,.N+C}

According to Equation (25), the standardized unified paradigm of the multi-stress
acceleration factor model can be expressed as the following Equation (29):

AF(ag,aq,...,0) =
N N
a0 rzll explam (Em — Cmu)] ¥ 11 explay(Emln — Cmulnu)]

m=1ln=1m#%nm<n
b=N+1,N+2,...,N+C}

N
X IT exp [“c(émgngp _gmuénuépuﬂ
m=ln=1Lp=1lm#En#pm<n<p
b=N+C}{+1N+C}+2...,.N+C}

X e x explau (G162 - ON — C1ubou  +  SNu)]

(29)
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where ¢, represents the stress level of a normal working state. In particular, the acceleration
factor model under three stresses can be expressed as the following Equation (30):

AF(ag, a1, ...,a7)

k(ﬂéo,ﬂ(l,..‘,oq) o

= Taltoar ;= exPla1 (81 — Cuu)] - explaa(82 — Sau)] (30)
-expa3(83 — C3u)] - explaa (G182 — C1ulou)] - explas (€183 — C1u3u)]
~explag (8283 — C2ulsu)] - explaz($16283 — $1u¢2ul3u)]

4. Reliability Evaluation of LED LOP BE Degradation Performance

Based on the performance degradation data of 300 samples from S1 to S5 under
various stresses, we can determine whether the LED LOP BE meets the Wiener process.
Since the data measurement of the samples in the experiment is not measured at equal
intervals, that is, At; under each group of stress levels is not a fixed value. According to
the characteristic AX; ~ N (uAt;, o2 At ;) of the Wiener process, a goodness of fit test on
AX; can be performed to determine whether the degradation increment of each sample at
each stage obeys the normal distribution, thereby determining whether its degradation
process obeys the Wiener process. The Shapiro-Wilk test is a statistical method used to
detect whether sample data come from a normal distribution. It is mainly used to test the
normality of data, but it cannot directly detect whether the data come from other specific
distributions. It is particularly effective for small sample data (3-5000 sample size). This
paper used the Shapiro-Wilk statistic to perform a hypothesis test with a confidence level
of 95%. A total of 107 groups of degradation quantities under five accelerated stresses all
obeyed the normal distribution, so the normal distribution model was selected to model
each group of degradation quantities.

Since the measured LED LOP BE degradation was staged, the next step was to deter-
mine the location of the change point. Based on SIC, the change points of the three stages
under S51-55 stress were found, but some of the change points were inaccurate. Based on
SIC detection and visual observation, this paper finally determined the S1-S5 stress change
points as shown in Table 4.

Table 4. SIC change point under S1-S5 stress, visual change point, and final choice.

Test Stress Level SIC Change Point  Visual Change Point Final Choice

S1 (85 °C 45%RH 20 mA) 1033 h 3105 h 2091 h 4416 h 2091 h 4416 h

52 (85 °C 85%RH 20 mA) 1487 h 4416 h 1487 h 4416 h 1487 h 4416 h

S3 (85 °C 85%RH 220 mA) 1033 h 1846 h 1033 h 1846 h 1033 h 1846 h
S4 (95 °C 45%RH 525 mA) 264 h 696 h 264h744h 264 h 696 h
S5 (150 °C 45%RH 300 mA) 456 h 792 h 72h 648 h 72h 648 h

The SIC change points under S1 and S5 stresses were problematic, because, according
to the test data, the greater the stress, the shorter the first stage of degradation time and
the less obvious it was. Therefore, the first change point time of S1 should be greater than
1487 h. According to Figure 3a, we chose 2091 h as the first change point. The second change
point may not be 4416 h because the time interval of the test was large after more than
1000 h. However, the test did change after 4416 h, so this paper set the second change points
of S1 and S2 to 4416 h. The actual situation may be that the second stage change points
under S1 and S2 stresses were less than 4416 h, and the second change point time under
52 stress was earlier than the second change point time under S1 stress. The first stage
under S5 stress should also be less than 264 h. According to the degradation image, we
chose 72 h as the first change point under S5 stress. The second change point time under
54 stress was not obvious to the naked eye, so the S4 change point still chose the original
change point of SIC detection. The second change point under S5 stress should be earlier
than the second change point under 54 stress. Based on Figures 3 and 4, we determined
648 h as the second change point of S5 stress.
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Substituting the measured data (AX,-jk, Ati]-k) into Equation (17), the parameter values

of each sample in stage 1, stage 2, and stage 3 were obtained as shown in Tables 5-7.

From Table 5, we found that, in the first stage, high stress led to a larger diffusion
coefficient. From Table 6, we can see that the diffusion coefficient under stress S5 in the
second stage was significantly greater than the diffusion coefficients of S1-54, but the
diffusion coefficients of S1-54 did not have an obvious pattern. There was also no obvious
pattern in the diffusion coefficients under stresses S1-S5 in the third stage. We checked the
data from the final stages using the Shapiro-Wilk information criterion and found that the
data conformed to the normal distribution, which meant that the hypothesis was correct.

After estimating the drift coefficient and the square value of the diffusion coefficient of
each sample based on the multi-stage Wiener process, the estimated values of the unknowns
without considering stress coupling and considering full stress coupling are as shown in
Tables 8 and 9, according to Equation (22).

Table 5. (11, 02) of each sample in the first stage under accelerated stress.

S1 S2 S3 S4 S5
1z o? p o? 1z o’ Iz o’ 1z o?
1 —0.00064 0.0000022  0.00020  0.000019  —0.00053 0.000015 —0.00080 0.000028 —0.01722  0.00086
2 —0.00059  0.0000051  0.00035  0.000018 —0.00039 0.000012 —0.00131 0.000017 —0.01989  0.00090
3 —0.00066  0.0000048 —0.00087 0.000008 —0.00106 0.000040 —0.00073 0.000029 —0.02004  0.00097
4 —0.00079  0.0000053 —0.00089  0.000016  —0.00042 0.000015 —0.00104 0.000020 —0.01335  0.00057
60 —0.00066 0.0000022 —0.00102 0.000014 —0.00040 0.000016 —0.00170 0.000018 —0.01769  0.00084
Table 6. (11, 02) of each sample in the second stage under accelerated stress.
S1 S2 S3 S4 S5
1z o’ 1z o’ 1z o’ Iz o’ 1z o’
1 —0.00245 0.000081  —0.00299 0.000019  —0.00433  0.000000002 —0.00564  0.000009  —0.00805  0.00002
2 —0.00249  0.000063 —0.00304 0.000024 —0.00493 0.000003 —0.00656 0.000008 —0.00838  0.00002
3 —0.00236  0.000079  —0.00311 0.000010 —0.00406 0.0000004 —0.00705 0.000010 —0.00824  0.00002
4 —0.00241  0.000103  —0.00374 0.000002 —0.00374 0.0000002 —0.00725 0.000009 —0.00836  0.00002
60 —0.00207  0.000006  —0.00355 0.00000004 —0.00453 0.00000002 —0.00707 0.000013  —0.00832  0.00002
Table 7. (i, (72) of each sample in the third stage under accelerated stress.
s1 S2 S3 S4 S5
# o’ # o’ # o’ I o’ # o’
1 —0.00047  0.000019  —0.00012  0.000000005 —0.00199  0.000003  —0.01119 0.000016 ~ —0.00577  0.0000001
2 —0.00035  0.000019  —0.00020  0.000000002 —0.00220 ~ 0.00002  —0.01222  0.000006 ~ —0.00401  0.000003
3 —0.00034  0.000018 —0.00029 0.0000007 —0.00127 0.00000007 —0.01166 0.000007  —0.00379  0.000001
4 —0.00037  0.000013  —0.00025 0.00000004 —0.00124 0.000006 —0.00913 0.000056 —0.00362  0.000005
60 —0.00036  0.000011 —0.00024 0.0000062 —0.00069 0.0000076 —0.01078 0.000015 —0.00331  0.000006
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Table 8. Estimated values of unknowns in (1, ¢?) without considering stress coupling.
Unknown Parameters Stage 1 Stage 2 u Stage 3 u
x1p 0.007014750 —0.003712422 —0.000019466
a1 —0.000972560 —0.164774484 0.778742624
x12 —2.431556556 —0.635719572 —2.767013425
x13 —0.001422939 1.283464151 6.602109318
Total error 0.000282137 0.000007291 0.000008037
a3 0.000127708 0.000129637 0.000032910
®31 —0.668988832 —0.669001168 —0.669000382
a3 —0.633587575 —0.633580772 —0.633581699
®33 —0.597809237 —0.597823584 —0.597817233
Total error 0.000000120 0.000000005 0.000000001
Table 9. Estimated values of unknowns in (y, (72) without considering full stress coupling.
Unknown Parameters Stage 1 Stage 2 u Stage 3 u
o) —0.000667902 —0.008121391 —0.007065198
o —0.627356055 —0.030382051 —0.089405067
%) —0.615998179 —0.520015567 —0.924158836
no3 —0.584547350 —0.008157158 —0.013968919
on —0.587455832 —0.073466467 —0.666206818
o5 —0.571143264 —0.010147002 —0.020034556
K26 —0.564365828 —0.015923113 —0.041549123
Ko7 —0.557248131 —0.021189437 —0.057958340
Total error 0.000310345 0.000034388 0.000044228
K40 0.000154468 0.000523843 0.000076408
7%} —1.292420481 —1.292396421 —1.292455161
Kgp —1.219442627 —1.219416120 —1.219463372
K43 —1.095819224 —1.095844943 —1.095857939
K44 —1.124825010 —1.124819070 —1.124846588
K45 —1.055187472 —1.055222283 —1.055231056
K46 —1.040846948 —1.040856322 —1.040865845
K47 —1.023492453 —1.023505562 —1.023511556
Total error 0.000000128 0.000000006 0.000000002

According to Tables 8 and 9, the LOP BE degradation rate and random variation under
normal stress levels (25 °C, 40%RH, 10 mA) were extrapolated. According to Equations
(22), (23), and (25), the average degradation value under normal stress level was actually
a1 and apg. It should be noted that this value was the degradation value of 24 h, not the
degradation value per hour.

According to Formula (30), we calculated that the AF of the first stage under S1 stress
was 0.389, and the AF of the second stage was 0.795. According to Equation (26), the time
of the first stage under normal stress was 5375.321 h, and the time of the second stage
was 2924.528 h. Then, according to the failure value of LOP BE reaching 0.695, without
considering stress coupling, the time of the third stage was about 11,700 h. Figure 5 below
shows the degradation diagram of LED LOP BE over time without considering stress
coupling and random changes considering full stress coupling but not considering random
changes, and the historical failure scatter points.

As can be seen from Figure 5, the LED life was about 20,000 h without considering
stress coupling, and 5848 h with stress coupling, which was more consistent with the
historical life scatter points of 5305 h to 6992 h. According to the Monte Carlo simulation,
the life was 5592.35-5975.52 h with coupling and random factors. It may be that the LEDs
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entered the third stage, resulting in an extended degradation time. However, if stress
coupling was not considered, the LED’s life would be seriously overestimated.

This paper did not draw the LOP BE curve of LEDs without considering the degrada-
tion stage, because the situation without considering the degradation stage was inaccurate.
This paper also made an LOP BE degradation rate of 60 samples under normal stress
levels (25 °C, 40%RH, 10 mA). The improvement of LOP BE of LEDs around 1000 h was
9-16%, which was close to the calculated 15% without considering coupling. Through
the blue broken line in Figure 5, without considering stress coupling, the average life of
LEDs was 20,330 h, which meets the 20,000 h standard adopted by manufacturers for
LEDs. However, the life of LEDs in reality is worrying, and the historical life scatter points
did not exceed 7000 h at most, considering that stress coupling is also closer to the real
life of LEDs. However, the degradation of life is also problematic. After all, the real life
of LEDs includes many aspects, not only degradation failure but also occasional failure.
Degradation failure may include more stress combinations, such as salt spray at the seaside,
alternating hot and cold climates, etc. Occasional failure includes external vibration, the
number of power switches, etc. There are also some problems in the experimental design
of this paper. The failure mechanism does not change under S1-S5 stress degradation, but
whether the three stresses of constant temperature, humidity, and current represent the
degradation of real-world LEDs and the impact of high temperature on high humidity are
the issues to be studied in the next step. However, certainly, the gap between the actual
situation and not considering the coupling of stress is still too large. It can be seen that
the consideration of coupling has a strong influence on the evaluation of the degradation
and life of LEDs; therefore, it is necessary to consider the coupling effect between multiple
stresses in the life assessment.

LED LOP BE and historical life scatter points without considering random
changes in stress full coupling and stress uncoupling x10

12 Stress-uncoupled LED LOP

=== BE that does not consider
random changes

1.1 LED LOP BE with full stress

coupling without considering

random changes

1 Historical life scatter points

range(5305h-6992h).

84 @ Change-point
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o
=
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Figure 5. Degradation curve and historical scatter points without considering random factors.

5. Conclusions

According to the multi-stage characteristics of the LED degradation process, this paper
proposes a multi-stage Wiener process degradation model under generalized coupling
accelerated stress. First, LOP is selected as the degradation characteristic quantity according
to the accelerated degradation test, and it is determined to be in line with the normal
distribution. Then, the multi-stage Wiener process degradation parameters are estimated,
and a generalized coupling model is established. Finally, the degradation life of LEDs
under normal temperature stress is extrapolated according to the multi-stress acceleration
factor. According to the historical scatter points, it is verified that the LED’s degradation
cannot ignore the coupling of three stresses.
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This article only considers the effects of temperature, humidity, and current on LED
LOP BE degradation, but the actual degradation also has multiple stress components,
such as low temperature, alternating hot and cold, switching times, static electricity, etc.
It also includes the effects of differences in process or material quality of different LED
manufacturers, the effects of continuous drying at high temperatures and self-heating of
LEDs at high temperatures on humidity, etc., and the competitive failure of unexpected
failures that may occur during the degradation process and the degradation failure of LEDs’
structure under multi-stress coupling and degradation of LEDs at different degradation
stages under different stress coupling are also good research directions. LED testing
methods that use alternating hot and cold and cyclic loads are more in line with the actual
environment than constant stress accelerated degradation tests.
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