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Abstract: The degradation process of Vertical-cavity Surface-emitting lasers with high speed and a
central wavelength at 850 nm is investigated via constant-current accelerated aging experiments.
Degradation of the photoelectric performances under different operating conditions are
characterized by optical output power, and forward and reverse bias current—voltage. The 1/f noise
characteristics and formation mechanism are discussed in terms of the experimental results of low
frequency noise below threshold current. The main composition of low frequency noise before and
after aging, the bias current dependence and the origin of the noise are analyzed emphatically. The
correlation between the degradation suggests that the loss of photoelectric performance and the
fluctuation of low frequency noise characteristic can be attributed to the contagion of defects
towards the active region of Vertical-cavity Surface-emitting lasers. Furthermore, the results of
failure analysis confirmed the conclusion that the contagion of defects occurred towards the active
region of the samples after aging.

Keywords: vertical-cavity surface-emitting laser; accelerated aging; degradation mechanism;
low-frequency noise

1. Introduction

At present, Vertical-cavity Surface-emitting laser (VCSEL) is in a period of rapid
development as a very critical photo-source for high-speed optical network systems [1,2],
owing to the advantageous properties of VCSEL technology, such as low cost, small size,
circular beam shape, low divergence angle, low threshold current, high-speed
modulation, on-wafer testing and ease of integration [3-5]. So far, VCSELs of various
emission wavelengths have been extensively researched and some of them have even
been gradually commercialized. In particular, 850 nm VCSELs are widely used in optical
data communications at relatively short distances [6,7]. However, the degradation, or the
failure, of devices in the optical communication system have caused a lot of severe
problems which could result in the failure of the system, such as the noise of data,
distortion and time-delay. Therefore, it is essential to the commercialization of VCSELs to
improve their long-term stability. In the past two decades, investigators have carried out
research on the reliability and failure mechanism of VCSELs. In 2003, Suning Xie et al. [8]
investigated the reliability and failure mechanism of oxide VCSELs in high humidity and
high temperature. Three failure modes of oxide VCSELs at biased 85/85 testing were
identified, and the most common failure mode was dislocation growth. In 2009, Keun Ho
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Rhew et al. [9] investigated the long-term reliability of all monolithic 1.55-pum etched-mesa
VCSELs with tunnel junction, via high-temperature storage tests and accelerated life tests.
The failure mechanism was analyzed based on degradation modes. In 2013, Robert W.
Herrick et al. [10] demonstrated the corrosion failure mechanism of oxide aperture
VCSELSs. Cracks near the tip of the oxide aperture caused line dislocations, which, in turn,
caused the growth of climb dislocations (DLDs) in the active region. In 2019, A. W.
Bushmaker et al. [4] presented a hypothesis attributing the location of the defects around
the oxide aperture edge to current crowding in that area, which increased electrical and
thermal stress in this region. The fluctuation of photoelectric characteristic parameters in
the aging process was the most intuitive manifestation of their degradation. In the aging
process, the degradation of photoelectric properties is studied, with the presence of
defects and dislocations as the target, so as to build understanding of the degradation
mechanisms that impede reliability of the devices and because it is helpful in further
analyzing the epitaxial wafer quality of VCSELs.

In recent years, researchers have found that the 1/f noise is closely related to the
lifetime of the semiconductor devices [11-13]. Therefore, the analysis of the 1/f noise
characteristic is used in the reliability evaluation of semiconductor devices, which is an
effective method of non-destructive evaluation. Low-frequency noise is one of the most
sensitive indicators of degradation of semiconductor lasers [14,15]. Specifically, internal
defects, surface leakage and bad ohmic contact of the semiconductor laser increase low-
frequency noise, and, therefore, the noise can be used to reflect the microscopic
degradation of the semiconductor laser after stress. In 1994, Fukuda, M. et al. [16]
experimentally and theoretically investigated the origin of the l/f noise in BH
semiconductor lasers under device degradation. The nonradiative recombination current
increased during device degradation, then the 1/fnoise increased. In 2002, S. Pralgauskaite
etal. [17] presented a method to evaluate laser diode reliability based on the measurement
of low-frequency optical and electrical noise. The results indicated that the correlation
factor changed during short-time aging. In 2010, ZL Li et al. [18] studied noise spectra of
green GaN LEDs with three different indium doping concentrations to confirm the theory
of enhanced defect densities increasing indium concentration. In 2022, Wenyuan Liao et
al. [19] investigated properties of low-frequency noise of the commercially available
VCSEL at 1310 nm wavelength. The results indicated that current noise power spectral
density increased after the device aged, and the noise increased with the augmentation of
electrical stress. However, there have rarely been any reports investigating the
degradation mechanism of 850 nm VCSELs during accelerated aging, based on low-
frequency noise at home and abroad.

In this paper, the degradation characteristics and mechanism of high speed 850 nm
VCSELs are investigated during accelerated aging. Photoelectric characteristics and low-
frequency noise characteristics are used to analyze the degradation mechanism of the
devices under high current stress accelerated aging tests. According to the results of the
1/f noise tests, the origin of the 1/f noise was analyzed. When the bias current was lower
than the threshold current, the noise of VCSELs mainly originated from the active region.
The conclusion that the contagion of defects towards the active region of the samples after
aging was confirmed by the failure analysis.

2. Device Structure and Experimental Details

The schematic diagram of the VCSELs, discussed in the following section of
performance characterization, is shown in Figure 1a. The epitaxial structural layers of the
VCSEL were grown by metal-organic chemical vapor deposition (MOCVD). The layers
were grown on an n-type GaAs substrate. The A-cavity was made up of 240 nm
Alo.3Gao.7As spacer. In the middle, the active region was composed of three 10 nm GaAs
quantum-well layers with 8 nm Alo.3Gao.7As barriers in between the wells. Eighteen pairs
of p-type doped Distributed Bragg Reflectors (DBRs) were above the A-cavity, and 40.5
pairs n-type doped DBRs below the A-cavity. Each pair of DBRs were composed of
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AlGaAs layers with high and low aluminum component number. Figure 1b shows the
FIB-SEM image in cross section of the active region of the VCSEL. The chips were
packaged using TO- 46 headers with cover glass. At room-temperature, the typical peak
wavelength of the studied VCSEL was at 850 nm.

(@) Light output

Top contact

y Active region
Oxide aperture

Figure 1. The image of high speed 850 nm VCSEL. (a) Schematic diagram and (b) FIB-SEM image in
cross section of the active region.

In order to obtain accurate and reliable test results, all packaged devices that were
used in this test came from the same wafer, and the selected devices were tested before
aging to avoid unstable performance or fast failure in the early stage of the test. The
devices were installed on the fixture of the aging system, and the built-in current source
of the system generated constant currents.

The electrical aging test was carried out under forward constant current stress of 12
mA, 15mA, 17 mA and 20 mA, respectively. The electrical and optical characteristics were
monitored, and the temperature in the course of aging was set at 35°C. To clearly gauge
the device degradation caused by current stress, the test on electrical and optical
characteristics of the devices after aging were carried out at room temperature. Three
VCSELs with identical characteristics were used in each set of experiments. The
parameters of the VCSELs were monitored for optical output power, current-voltage
characteristic and low-frequency noise at the preaging and the intermediate stages.

The electrical and optical characteristics were measured by a semiconductor device
analyzer (Model: Agilent BI500A) and a photoelectric detector (Model: PM-100D). Low-
frequency noise measurements were measured by using a dynamic signal analyzer
(Model: SR785), while a filter and amplifier units were provided by Proplus 9812B. Low-
frequency noise measurements (1 Hz-1 kHz) were measured before aging, after 624 h
aging and after 1000 h aging, respectively. Electroluminescence characterizations were
carried out by photo emission microscope (PEM) (Model: PHEMOS-1000). The micro-
structures were analyzed by means of a scanning electron microscope (FIB-SEM)
DualBeam System (Model: Helios G4 CX), and transmission electron microscopy (TEM)
(Model: Tecnai G2 F20 S-TWIN).

3. Results and Discussion
3.1. Effect of Accelerated Aging on Optical Output Characteristics

The characteristic variations of the optical output power with bias current during the
accelerated aging are presented in Figure 2. The electrical aging stress was set at 20 mA.
The power saturation currents were basically unchanged, and the error for all measured
values was less than 0.01 mW. It was observed that the threshold current and the output
optical power present clearly changed. Threshold current and external quantum
efficiency, versus aging time curves, were plotted in Figure 3. In the early stage of aging,
the threshold current decreased from 1.04 mA to 0.87 mA, and the output optical power
increased by 2.8%. This phenomenon was caused by the annealing effect. The annealing
effect refers to the photoelectric performance of the device which is recovered when
positive bias is carried out. It can be explained by the compound enhanced defect [20].
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The rate of defect recombination is linearly correlated with the density of the charge
injection. As the number of defects decreases, the threshold current is gradually
recovered. At the same time as the nonradiative recombination decreases, the junction
temperature of the device decreases, the number of photons produced by carrier
recombination increase, and the output optical power increases. Whereas, after 96 h aging,
the threshold current increased, as shown in the inset of Figure 2, the output optical power
and the external quantum efficiency decreased. This indicated that the degradation of the
VCSELs was gradually activated.
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Figure 2. Optical output power versus bias current curves of VCSEL, before and after aging.

The slope efficiency is defined as the slope of the linear part on the optical output
power versus current curve of the VCSEL with laser mode, which represents the ability of
the VCSEL to transform current-carriers into photons. The external quantum efficiency
(EQE) can be expressed by the slope efficiency 14, as follows [21]:

el

e = Ma 0
where 7. is the EQE, 74 is the slope efficiency, A is the operating wavelength, h is Planck’s
constant, ¢ is speed of light. EQE can more intuitively reflect the degradation of the
quantum well region with aging conditions. The calculation results of EQE with aging
time are shown in Figure 3. EQE gradually decreased with the increase of aging time.
After 1000 h aging, EQE had degenerated to 82.76% compared with that before aging. As
defects proliferated after aging, the nonradiative recombination center increased and
recombined some carriers, and the number of photons generated per second decreased
when the number of electron hole pairs injected into the active region were constant per
unit time. Therefore, EQE decreased with increased aging time.
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Figure 3. Relationship between threshold current and external quantum efficiency versus aging
time.
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3.2. Effect of Accelerated Aging on the Forward and Reverse Current—Voltage

The forward and reverse current-voltage characteristics of devices before and after
aging is shown in Figure 4. The electrical aging stress was set at 20 mA. When the forward
bias voltage was lower than 1.5 V, the forward current increased obviously with aging
time. The carrier injection into the active region was mainly by means of the tunneling
mechanism [14,22], which was mainly through the defect located in the space charge
region, and was dominated by nonradiative recombination. When the forward voltage
was in the 1.5 V to 2 V range, as shown in the inset of Figure 4, the forward current
increased slightly with the aging time. The injected carriers diffused through the whole
active region, which was dominated by radiation recombination. When the forward bias
voltage was larger than 2 V, the forward current did not obviously change with aging
time. In this case, the influence of series resistances (from bulk resistances and contact
resistances) could not be ignored, and the compound current dominated at this time.

An early indication of device degradation could be obtained by monitoring reverse
leakage current. We observed that the leakage current increased and reverse bias
breakdown voltage decreased after the accelerated aging. Compared with preaging, the
leakage current after 1000 h aging increased by nearly two orders of magnitude. The
phenomenon can be illustrated by the tunneling mechanism. The long-term constant
current aging stress increases the temperature of the active region, and the carriers from
thermal excitation at high temperature cause an increase of the tunneling dislocations. It
is easy for the carriers to escape the restriction of the quantum barrier, resulting in an
increase in the leakage current.

The leakage current was observed under both reverse bias and forward bias,
indicating that the tunneling current increased. The nonradiative recombination rate
increased with the increase of defects in the active region, resulting in additional tunneling
current. The leakage current increased when aging time increased, which corresponded
to the continuous attenuation of the optical power and the increase of threshold current.
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Figure 4. The forward and reverse current-voltage curves of VCSELs, before and after aging.

3.3. Effect of Accelerated Aging on Low-Frequency Noise

The 1/f noise is dominant in the low-frequency noise produced by the PN junction
semiconductor laser, and, thus, investigation of 1/f noise characteristics is more valuable
for the semiconductor laser than other low-frequency noise. To analyze the origin of the
1/f noise, a simplified equivalent circuit was used, shown in Figure 5 (the case of the
parallel leakage of laser diode was considered). When bias current was lower than the
threshold current, the electrical characteristic of the laser diodes could be approximately
modeled as that of typical diodes, mainly composed of the PN junction dynamic resistance
Rq, the contact resistance Rc and the leakage resistance Rp [23].
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Active region

Figure 5. The simplified equivalent circuit of Semiconductor Lasers.

According to the simplified equivalent circuit and the Hooge equation [24], the 1/f
noise power spectral density of semiconductor lasers can be described as follows:

_ 2 (mkT)? | a ;2,2 @ p2g2

Sv(f) =5a -+ Rls +me1p ©)
where, « is the Hooge constant, m is the extrinsic factor, k is the Boltzmann constant, Re is
the contact resistance, Rp is the leakage resistance, Is is the reverse saturation current, Ip is
the leakage current, g is the electron charge, T is the absolute temperature, N. is the total
carrier density in the contact resistance, and Np is the total carrier density in the leakage
resistance. Therefore, at low bias current range, the major noise of laser diodes was
generated from the active region dynamic resistance, the contact resistance and the
leakage resistance.

Atlow bias, low-frequency noise is susceptible to the degradation of the active region
of the semiconductor laser [23]. When the investigation of the semiconductor laser is
limited below threshold current for operation, photons are generated by electron-hole
combination in the junction region of the semiconductor laser, which is in a spontaneous
emission state. The electrical behavior of the semiconductor laser is determined by the
properties of the hetero-junction in this state. Therefore, the influence of the 1/fnoise from
the stimulated emission was ignored.

The current noise power spectral density curves of the typical samples with bias
current 0.1 mA are shown in Figure 6. Compared with the reference curve (the slope was
-1), the current noise power spectral density curves were nearly parallel, which indicated
that the noise component in this frequency band was mainly composed of the 1/f noise.
The 1/f noise characteristics were tested for 12 preaging samples. All the results showed
the 1/f noise features, but there were differences in the noise intensities.
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Figure 6. The current noise power spectral density of the typical samples under 0.1 mA.
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In order to analyze the dependence of low-frequency noise on electrical aging stress,
the typical results were selected for demonstration. The current noise power spectral
density versus frequency at different bias currents are shown in Figure 7a—d. The electrical
aging stresses were set as 12 mA, 15 mA, 17 mA and 20 mA, respectively. The results of
the 1/f noise characteristics of the samples were measured after 1000 h aging. In the
operating conditions for the low bias current (below the threshold current) and low
frequency band (1 Hz~1 kHz), the current power spectral density of the 1/f noise samples
was analyzed. The different samples presented similar regularity in the same aging
condition and bias current, and the distinctions were mainly reflected in the noise
intensities. The experimental results showed that the current noise power spectral density
of all the tested samples decreased with frequency increasing, and current noise power
spectral density increased with the bias current in the low frequency band. Compared
with the power spectral density of the 1/f noise samples before aging, all the spectral
densities of the 1/f noise of devices in this frequency range increased.
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Figure 7. The current noise power spectral density curves versus frequency at different bias
currents. Accelerated aging was carried out under current stresses of (a) 12 mA, (b) 15 mA, (c) 17
mA and (d) 20 mA, respectively.

Meanwhile, the characteristic parameters of the 1/f noise were also studied. Current
noise power spectral density curves in Figure 7 were fit at different bias current to obtain
the frequency exponential factor y and the amplitude of the 1/fnoise at f=1 Hz, as shown
in Table 1. The results showed that the amplitude of the 1/f noise gradually increased with
the increment of the bias current. The fluctuation of frequency exponential factor y was
around 1. These results showed that the noise component in the frequency range was
mainly composed of 1/f noise.

Table 1. The frequency exponential factor and noise amplitude at different forward bias currents.

Bias
Current I
(mA)

Is/Itn

12 mA 15 mA 17 mA 20 mA
Frequenc Noise Frequenc Noise Frequenc Noise Frequenc Noise
9 Y Amplitude 9 Y Amplitude 9 y Amplitude 9 Y Amplitude
Exponent at Exponent at Exponent at Exponent at
Factor y 1 Hz Factor y 1Hz Factor y 1Hz Factor y 1Hz
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(A%/Hz) (A%/Hz) (A?Hz) (A?Hz)

0.001 ~1/1200 1.03 6.55x10%0 1.03 3.28x10%0 1.01 8.27x10%0 1.02 2.40x10-
0.01 ~1/120 1.09 7.69x101° 1.08 7.42x101° 1.01 1.66x1018 1.1 3.06x10-18
0.05 ~5/120 1.02 6.71x1018 1.01 2.32x1018 0.97 2.73x1018 0.98 4.36x10-18
0.5 ~5/12 1.09 7.23x10° 1.03 2.99x1016 1.08 3.32x1016 0.95 3.79x107

1 ~5/6 1.14 9.59x1015 1.06 5.74x1016 1.07 6.53x1015 0.99 3.80x10-15

In order to analyze the dependence of low-frequency noise on aging time, a typical
result was selected for demonstration. The measured low-frequency noise behaviors of
the samples in the aging process are shown in graphs in Figures 8 and 9. From Figure 8,
we can see that the noise power spectral density after 1000 h aging was nearly two orders
of magnitude higher than that before aging when the bias current was 0.1 mA. In addition,
it can also be seen from Figure 9 that the noise level of the sample after aging was larger
than the sample before aging, which indicated that there were more internal defects
created in the active region during the aging process. The case was closely related to the
reliability of VCSELs.
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Figure 8. The current noise power spectral density curve versus frequency of the VCSEL, before and
after aging.

Figure 9 shows the current noise power spectral density (both before and after aging)
as a function of the bias current for the samples, where Si represented the noise power
spectral density values at 20 Hz. The results showed that the variation of the current noise
power spectral density intensities was closely related to the bias current, and the variation
trend was almost identical before aging and after aging. The current noise power spectral
density increased after aging. The result indicated that the active region defects of the
device increased with the increase of aging time, and the performance degraded more
seriously. Clearly, below the threshold current, the effects of bias current on VCSELs were
dominant, and constant-current stress accelerated aging had an obvious influence on the
1/f noise fluctuation of the VCSEL.

The active region of VCSELs contain a multiple quantum-wells structure. In this
region of the VCSEL, the current is continuously injected. Diffusion and carrier
recombination act to determine the fluctuation of current noise. The injected carriers are
transferred to the multiple quantum-well region through the diffusion process. The
carriers are delivered to the multiple quantum-wells by tunneling through the barriers
and they are restricted in the multiple quantum-wells region. At the condition of the low
bias current injection, the conducting current is determined by the process of the diffusion,
the rate of the spontaneous inter-band recombination in the quantum-wells, the rate of
nonradiative recombination from defect levels located at the interface and bulk of the laser
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diodes, and the rate of carrier tunneling through the barriers between the quantum-wells

[14]. The diffusion process produced a diffusion of the 1/fnoise linearly related to the bias
current.
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Figure 9. The current noise power spectral density (20 Hz) of the sample under different bias
currents.

The location of the noise source could be revealed by the bias dependence of the 1/f
noise. As can be seen in Figure 9, the current dependence of the 1/f noise was different in
different ranges of bias current, indicating that different sources dominated the spectra of
the 1/f noise in different bias ranges. In the bias current range between 1 nA and 10 pA,
the curves show that the current noise power spectral density was linearly correlated with
the bias current and a slope=1 in the logarithm coordinate. From the first term in Equation
2, we know that the 1/f noise from the active region was linear in proportion to the bias
current. Therefore, the 1/f noise in the range between 1 nA and 10 pA was from the active
region. Moreover, it could also be observed that the curves changed slowly between 10
HA and 50 pA. Considering the first and third terms in Equation (2), the 1/f noise caused
by series resistance was relatively weak, so it was ignored. The noise caused by the PN
junction dynamic resistance decreased with the increase of current in series resistance,
and the noise caused by leakage resistance increased with the increase of leakage current.
The total noise curves show a transition region that did not change clearly with the
increase of bias current. The reason was that more and more carriers were poured into the
active region with the bias current increasing, and this caused increase in the
recombination of the carriers and traps in the active region. At the same time, the carrier
concentration in the series resistor reduced; hence, the current diffusion into the active
region was restrained [25]. The two aspects above resulted in the 1/f noise intensity
experiencing little change with the bias current. In the bias current range between 50uA
and 1mA, the curves show linear correlation and a slope = 2 in the logarithm coordinate,
so the voltage drop across the series resistor could not be neglected. Therefore, the 1/f
noise from the series resistor significantly increased with bias current I? of the second term
in Equation 2. Although we could see an increase in the magnitude, the I> dependence of
the current noise power spectral density was not affected by the stress. The drop in stress
voltage mainly occurred the active region, which created defects in the active region. In
conclusion, the noise of VCSELs below the threshold current mainly stems from the active
region.
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3.4. Effect of Accelerated Aging on Contagion of Defects

To confirm the evidence that the contagion of defects occurred towards the active
region of the samples, failure analysis was carried out on the samples before and after
aging.

When the forward bias voltages of the samples before and after aging were 1.3 V and
1.39 V, the electroluminescence images are shown in Figure 10a,b. The emission intensity
of the sample after aging was obviously lower than that before aging, and the distribution
of the emission intensity of the sample was obviously uneven, and the emission dark area
appeared. The total optical power and emission efficiency decreased, which was
consistent with the attenuation of the optical output power of the sample after aging.
When a reverse bias voltage of 9.16 V was carried out to the sample after aging, the EMMI
image located the defect of the sample, as shown in Figure 10c. There were two abnormal
light spots (red area) on the edge of the light output aperture. It could be judged that the
defects proliferation was located in the red areas, as there was the path of current in the
areas, leading to the increase of forward current and reverse leakage current. In order to
reveal the microstructure changes in the dark area of the sample after aging, a dual-beam
system focused ion beam was used to cut and mill the dark area, as shown in Figure 10d.
The colorized close-up of the insert of Figure 10d corresponded to the red dots region in
Figure 10c, and the solid line showed the position of FIB in Figure 10d.

Laser aperture

Figure 10. (a) Forward biased EL image before aging and (b) Forward biased EL image after aging.
(c) Reverse bias EMMI image. (d) The incision position of FIB-SEM image.

The TEM image of the FIB cross section is shown in Figure 11a. The TEM image
revealed that some areas in the quantum well hetero-junction of the active region of the
sample after aging were blurred. The defects seemingly originated from the active layers
under the oxide layer. Figure 11b,c show a magnified image of the region of interest (the
bule box and the red box) in Figure 1la. Figure 11b shows that the hetero-junction
interface was flat, without obvious structural fluctuation. Grain boundaries were clear
and no obvious defects were observed. Figure 11c shows that the hetero-junction interface
appeared blurred, and a large number of high-density dislocation defects were generated,
which spread to the surrounding areas. Usually, the electrically accelerated aging, or ESD
damage, dislocation defects generate in the active region of VCSEL [26,27], which leads to
the contagion of dislocation defects, and these dislocation defects sprawl to the
surrounding area under electrical stress. Further, an EDS-line scan was used to analysis
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the element distribution of the sample, as shown in Figure 11d. The distribution curves of
Ga and Al elements fluctuated near the hetero-junction interface, and the diffusion
phenomenon of Ga and Al elements appeared, which became point defects. When the
point defects accumulate to a certain extent to form dislocations, they eventually lead to
failure.

() Top DBR

*_Quide layer

Figure 11. (a) TEM image of FIB cross section. (b,c) Magnified image of the region of interest in the
bule box and the red box. (d) EDS line scan image of the active region.

4. Conclusions

In this work, the optical and electrical characteristics of VCSELs were studied under
constant-current stress aging. In the early stage of aging, the annealing effect appeared in
the devices. After 96 h aging, the optical output power and EQE decreased with the
increase in aging time. An increase of tunneling current was observed under both forward
bias and reverse bias. Reverse bias breakdown voltage decreased after aging, indicating
that the VCSELs degraded gradually in the active region. Further, the results of low-
frequency noise indicated that the noise component of all the tested devices before and
after aging mainly consisted of the 1/f noise. With increase of aging time, the active region
defects of the device increased, and the performance degradation became more serious.
When the bias current was lower than the threshold current, the effects of bias current on
the 1/f noise of VCSELs were dominant, and the noise mainly stemmed from the active
region. The results of defect localization and micro-structure analysis of the samples after
aging confirmed the evidence that ‘contagion of defects towards the active region of
VCSELs” were the reason for the ‘degradation in photoelectric performance and
fluctuation of low frequency noise characteristic’.

The degradation of the VCSEL during the aging process was non-destructively
monitored in our tests. Under a small bias current, the 1/f noise of VCSELs was created in
the active region and the contact resistance could be measured. Consequently, the method
could be used to non-destructively monitor the degradation law and evaluate the
reliability of VCSELSs. In short, the research is helpful in quality inspection and reliability
evaluation of VCSELs.
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