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The 1/f noise ismeasured under the bias one tenth the threshold current of the InGaAs quantumwell high-power
semiconductor laser diodes (LDs). The noise origin is analyzed using the current and voltage 1/f noise and dy-
namic resistance characteristics. Then the relationship between the noise and the internal defect is analyzed ac-
cording to the differences of LDs in the noise intensity and the fluctuation near the initial electrical derivative
peak. The result shows that with currents 0.13 mA–1 mA, the dynamic resistance of the LDs is in the magnitude
of hundreds of ohms, when the changing rates of both the noise intensity and the resistance reflect the typical
features of the active region, while with currents 8 mA–32 mA, the dynamic resistance drops under 10 Ω and
its changing rate slows down, when the 1/f noise intensity trend shows the features of the contact resistance.
Moreover, the electrical derivative of LDs with weaker noise fluctuates milder and has more conspicuous initial
peaks, while the electrical derivative of other LDs fluctuates acuter and hardly shows distinct initial peaks. The
results indicate that the 1/f noise from the active region can be measured under bias currents far lower than
the threshold currents of the LDs, and it can indicate the defects in the active region and further the reliability
of the device.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

With the development of electrooptical technology, semiconductor
LDs are fulfilling various complex environments and actual demands
due to the advantages including small size, long lifetime, selectable
wavelength and convenient integration [1–8]. During the recent de-
cades, new breakthroughs are constantly achieved with the deeper un-
derstanding on the LD structure and the electrical characteristics, such
as double heterojunction LDs, quantum well LDs and so on, which not
only enhance the power of semiconductor LDs but also give them ad-
vantages including low threshold current, good temperature stability
and high photoelectric conversion efficiency [1–5]. At present, the
power LDs aiming at enhancing the luminous power are one of the
major research field. For high-power semiconductor LDs, how to en-
hance the power, lifetime and reliability is of great research worthiness
[6–8].

1/f noise, as a colored noise, is a nonstationary stochastic process
that exists broadly in all kinds of electronic devices [9–11]. Some re-
searches consider the noise generationmechanism related to the densi-
ty and motion parameters of the internal particles [12,13]. There are
differentmodels based on the carrier density or themobility fluctuation
or the unification of both [14], and the most well accepted cause is the
interface-trap-induced charge-carrier-fluctuation theory [15,16]. As
the existing theoretical models usually apply only to some certain de-
vices, the research on the characteristics of 1/f noise is still a potential
hot topic [17–19]. Especially in recent years the researchers find that
there is a close relationship between 1/f noise and the reliability and
lifetime of the semiconductor devices, so the 1/f noise measurement
and characteristic analysis can be used as an effective nondestructive
testing method to evaluate the property and reliability [20–22].

The traditional LD reliability examinations are mostly conducted by
electric aging tests [7], which is a destructive testingmethod. Especially
for the high-power semiconductor LDs, due to the high threshold
current, long-time testing under high current will exacerbate the active
regionmaterial surface defects, and severely damage the device internal
structure. Therefore, it is meaningful to investigate a non-destructive
testingmethod, especially the device characteristics under bias currents
far below its threshold current [23]. There is a close connection between
the LD bias currents and their photoelectric and 1/f noise characteristics
[24–30], and if the 1/f noise fromdifferent origins of the high-power de-
vices can bemeasured under the bias far below their threshold currents,
thatwould be very helpful for the non-destructive testing. In this exper-
iment, the devices are tested under various currents below one tenth
the threshold current of the high-power semiconductor LDs to measure
the noise power spectrum density (PSD), including the voltage PSD and
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Fig. 2. The simplified equivalent circuit of LDs.
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current PSD, and the PSD intensities at 20 Hz are extracted to indicate
the relationship between the noise intensity and the bias currents,
which are used to analyze the working conditions of the LDs and their
noise origins. Meanwhile, with the voltage–current and electrical deriv-
ative (IdV/dI) characteristics, the noise origins are verified fromdifferent
angles, and the internal defect degree and reliability of the devices are
analyzed.

2. Experiment and method

The schematic of experimental measurement system is shown in
Fig. 1. As in the figure, the dash box indicates the 9812D system
(ProPlus, USA) for the current 1/f noise measurement, where the IV
Meter 4156C (Agilent, USA) powers the LD samples and measures
their voltage–current (V–I) characteristics. The current 1/f noise signals
are collected, amplified and fast-Fourier transformed by 9812D, and the
results are processed and plotted by a computer. The rest of Fig. 1 is the
voltage 1/f noisemeasuring systemwe build on our own,where the bias
control circuit consists of a 12 V accumulator and some slide rheostats to
power the samples and adjust the bias current. The circuit and the sam-
ples are set in a customized low-frequency shielding box. The ampere
meter (Model 3458A, Agilent, USA) is used to monitor the bias current
and shorted when the noise is measured. The voltage noise signals are
amplified by a pre-amplifier (Model 5184, AMETEK, USA) and input
into the spectrum analyzer (CF-9200, Onosokki, Japan) to acquire the
noise power spectrum density. The voltage and current 1/f noise should
meet the Ohm's law, which can indicate the accuracy of the measure-
ment results. The experimental samples are InGaAs quantum well
high-power LDs manufactured by the 13th Research Institute of China
Electronics Technology Group Corporation. The sample power is 3 W,
the laser wavelength is 976 nm, the cavity length is 2000 μm, the quan-
tum well width is 10 nm and the threshold current is 300 mA.

Within the current range under the threshold current, the V–I char-
acteristic of the LDs can be approximatelymodeled as the typical diodes,
the simplified equivalent circuit shown in Fig. 2, mainly consisted of the
PN junction dynamic resistance Ra, contact resistance Rc and leakage re-
sistance Rp [4]. The voltage–current equation is shown as below

I ¼ Is exp qV j=mkT
� �

−1
� �þ Ip ð1Þ

V ¼ I−Ip
� �

Rc þ V j ð2Þ

where I is the total bias current, Ip is the leakage current, Is is the reverse
saturation current, Vj is the forward junction voltage, q is the electron
charge, m is the extrinsic factor, k is the Boltzmann constant and T is
the absolute temperature. Under a forward voltage, exp(qVj/mkT)≫1,
Fig. 1. The 1/f noise measu
so according to Eqs. (1) and (2), ignoring Rp the relationship between
the dynamic resistance and the bias current is as below

R ¼ dV
dI

¼ Rc þ mkTIs
q I−Ip
� � : ð3Þ

From Eq. (3) we can see that the resistance is much higher under
very low bias current and declines very fast in inverse proportion with
the current increasing.

1/f noise is the low frequency noise that exists broadly in electronic
devices. According to Fig. 2, themajor noise origins are the active region
dynamic resistance, the contact resistance, and the leakage resistance.
According to the equivalent circuit and the Hooge empirical formula
[13], the voltage 1/f noise can be described as below

SV fð Þ ¼ α
Np f

Rp
2Ip

2 þ Rc þ mkTIs
q I−Ip
� �

 !2
2
3
α
q I−Ip
� �
f τn

þ α
Nc f

Rc
2 I−Ip
� �2 ð4Þ

where Np is the total carrier density in the leakage resistance, Nc is the
total carrier density in the contact resistance and α is the Hooge
rement system sketch.



Fig. 5. The V–I correlations of the two LDs.

Fig. 3. The 1/f noise PSDs. (a) Different samples under 0.26 mA. (b) LU41 under different
bias currents.
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constant decided by thematerial. In Eq. (4) the first term represents the
noise from the leakage resistance, the second term represents the noise
stimulated by the diffusion current fluctuation caused by the interface
trap in the active region, and the third represents the noise from the
contact resistance. Therefore, the major noise origins under different
bias currents can be analyzedwith the quantitative relations of the volt-
age noise, current noise and the dynamic resistance.

3. Measurement results and discussion

About 50 functional samples are tested for their 1/f noise and electri-
cal characteristics. All the results present typical 1/f noise features, and
Fig. 4. The current 1/f noise PSD (20 Hz) of the two devices under different bias currents.
the differences are mainly reflected in the noise intensities. The current
1/f noise PSDs of part of the samples are shown in Fig. 3, in which
Fig. 3(a) is the PSDs of different samples under 0.26 mA and Fig. 3(b) is
LU41 under four different bias currents 0.13 mA, 0.26 mA, 13 mA, and
32 mA. From Fig. 3 we can see that in this frequency band, the low fre-
quency noise of the LDs shows typical 1/f noise features. Compared
with the slope = −1 reference line, the PSD curves are basically stable
and parallel, which indicates that the noise component in this frequency
range mainly consists of pure 1/f noise. Next we use the PSD values at
20 Hz to further investigate the 1/f noise characteristics under low bias
currents. The results of different samples present similar regularity, so
we choose two typical results, LU41 and LU49, for demonstration.

The SI-I curves of LU41 and LU49 are shown in Fig. 4, where SI repre-
sents the PSD values at 20 Hz. From Fig. 4, we can see the current 1/f
noise intensities change closely related to the bias current, and the
changing patterns are almost identical. In the current range between
0.13 mA and 1 mA, the curves show a slope≈1 linear correlation in
the logarithm coordinate. From the Eq. (3) and the second term in
Eq. (4), we know that the current 1/f noise from the active region is in
proportion to the bias current. Therefore, we primarily consider that
the 1/f noise in this bias current range is from the active region. In addi-
tion, from Fig. 4we can see that the noise level of LU49 is one order larg-
er than LU41, which indicates that there are more internal defects
created during the manufacture of LU49 than LU41 [27], especially in
the active region which is closely related to the reliability of LDs. Addi-
tionally, we can also observe that the curves flatten between 1 mA
and 8mA. This is becausewith the bias current increasing, more carriers
are injected into the active region, which causes the recombination of
Fig. 6. The dynamic resistance curve of LU41.



Fig. 7. The electrical derivative curves of LU41 and LU49.
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the carriers and traps in the active region increasing, butmeanwhile the
carrier concentration in the series resistor is declining, so the current
diffusion to the active region is suppressed [31], the two aspects above
cause that the 1/f noise intensity hardly changes with the bias current.

The electrical characteristics are also an important factor in analyz-
ing the performance of the LDs [23,25,28–30], in order to establish the
connection between the electrical characteristics and 1/f noise, the volt-
age–current (V–I) correlations of the LDs are shown in Fig. 5.We can see
that both devices conform to the typical V–I characteristics of LDs, and
from the inset, the two LDs show obvious differences in a rather low
bias current range, but the V–I characteristics are not quantitatively ex-
plicit to demonstrate the noise origins and the differences between the
LDs, so the dynamic resistance and electrical derivative are computed to
further analyze the connection between the electrical characteristics
and 1/f noise.

The dynamic resistance and electrical derivative of LU41 are com-
puted from Fig. 5 and Eq. (3), as shown in Figs. 6 and 7. From Fig. 6,
we can see that under the bias currents form 0.13 mA to 1 mA, the LD
dynamic resistance is at the magnitude of hundreds of ohms, far higher
than the contact resistance. Moreover, it is also in a diminishing linear
correlation with the bias current in the logarithm coordinate, corre-
sponding to the active region dynamic resistance feature in Eq. (3),
which indicates that the major voltage drop is on the active region
and further verifies that the active region is the major 1/f noise origin
under these bias currents.With the bias current increasing, a nonlinear-
ity correlation with the dynamic resistance is gradually reflected and
when the bias current is larger than 8 mA the dynamic resistance
drops to less than 10 Ω. Meanwhile, from Fig. 4 we can also see that
the noise intensity enhances rapidly, and shows a slope≈2 linear corre-
lation, which illustrates that contact resistance is gradually dominating
the LD dynamic resistance according to the third term in Eq. (4), so its
voltage drop is occupyingmost of the bias voltage and the contact resis-
tance Rc becomes the dominating 1/f noise origin.

The factors such as internal defect, cavosurface damage and surface
leakage current cause the interface traps stochastically capturing and
releasing the carriers, and leads to tiny current fluctuation [15,16],
which for LDs we suppose it will influence the electrical derivative
under extremely low bias currents. The derivative is closely related to
the reliability of LDs [30,31], and for the purpose of further investigating
the relationship between the difference of the two LDs' noise intensity
Table 1
Comparison between the initial peak fluctuation (IPF) and noise intensity (NI) (0.26 mA, 20 H

LD No. LU21 LU22 LU23 LU25 LU26

IPF Acute Smooth Smooth Strong Smoo
NI (A2/Hz) 1.01E−15 7.5E−20 4.8E−20 3.3E−16 1.9E−
and their reliability, the electrical derivative curves of LU41 and LU49
are shown in Fig. 7, where the detailed curves near the initial peaks
are shown in the inset. From Fig. 7 we can see that the two curves
have a similar trend in thewhole current range, but are obviously differ-
ent near their initial peaks. As the inset shows, the initial peak of LU41 is
more distinguishable, and the electrical derivative curve is smoother
near the peak, while the LU49 electrical derivative curve does not
show an obvious initial peak, and fluctuates continually. This phenome-
non indicates that the current fluctuation in LU41 is much milder than
LU49 under the extremely low driving current, so the factors influenc-
ing the reliability of LU41 are better than LU49, which conforms to the
feebler 1/f noise of LU41 as shown in Fig. 4. The comparison between
initial peak fluctuation and noise intensity (0.26 mA, 20 Hz) of the ten
samples in Fig. 3 are listed in Table 1, fromwhichwe can see that the re-
sults are coherent to the former analysis. The existence of noise is equiv-
alent to a weak leakage mechanism added to the ideal physical model
(Fig. 2), which can be considered in parallel with Rp and changes the
leakage characteristics of the sample. The initial peak is caused by the
co-effect of the leakage resistance and active region and appears
under extremely low bias current. Therefore the 1/f noise as aweak cur-
rent fluctuation influences the initial peak distinctly. However, as
shown in Fig. 7, this influence does not exhibit an obvious pattern
with the bias current changing, which can only reflect the existence of
these factors, whereas the 1/f noise aroused by them is reflected in a
wider current range and shows a distinct regularity, as shown in
Figs. 3 and 4.

In order to further investigate the noise origin between 0.13mA and
1mA, the voltage 1/f noise PSD is measured at the same time, and com-
bining the dynamic resistance at the corresponding bias currents, the SI
values are also computed by Ohm's law SI=SV/R2. According to Eq. (4),
if the noise signal acquired is originated by the active region, its SV curve
will show a linear diminishing trend with the bias current growing in
the logarithm coordinate. The results of LU41 are shown in Fig. 8,
where SI and SV are the current voltage PSD values at 20 Hz. We can
see that SV curve conforms to the former analysis, meanwhile the
trend of the computed SI is in fine coherence with the measured SI,
which also confirms the accuracy of former measurements. The ampli-
tude difference attributes to the different gains between Model 5184
and the pre-amplifier in 9812D. Therefore, we can further conclude
that the major origin of the 1/f noise in this current range is the active
region.

The traditional stress process to examine the reliability of LDs cre-
ates defects in both the active region and the contact resistance and
brings enhancement to the 1/f noise, especially in the active region
[27]. From our experiments, under a very low range of bias current,
the 1/f noise of high-power LDs from both origins can be measured, so
the 1/f noise measurement of high-power LDs under low bias currents
is conducive to the nondestructive evaluation of their reliability.

4. Conclusion

The factors such as the internal defects, cavosurface damage and sur-
face leakage current are highly related to the reliability of high-power
LDs, and influence the 1/f noise and electrical characteristics of the de-
vices. In our experiments, under very low bias currents, we acquire
the 1/f noise from different origins of the high-power LDs. Under less
than 1/10 the threshold current, the low frequency noise PSD of the
tested devices shows typical 1/f noise features, and the relationships
between the noise intensity and the bias currents of different devices
z) of the ten samples.

LU27 LU30 LU31 LU41 LU49

th Acute Acute Strong Smooth Strong
20 5.8E−16 2.8E−15 1.6E−15 7.9E−18 6.0E−17



Fig. 8. The current and voltage 1/f noise comparison.
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show a consistent pattern. The results of the 1/f noise measurements
demonstrate that the 1/f noise from the active region can be acquired
with the bias currents far below the threshold current, and with the
bias current increasing the major origin of the 1/f noise is dominated
by the contact resistance. Besides, the voltage 1/f noise PSD and the re-
lationship between the dynamic resistance and the bias current also
confirm the noise origin analysis. Additionally, as for the difference be-
tween the 1/f noises of the two LDs, the electrical derivative curves
show that the LD with higher 1/f noise has acuter derivative fluctuation
and no obvious initial peak. In conclusion, for high-power LDs, the 1/f
noise from the active region can be measured with bias currents far
below the threshold current, so we believe that the 1/f noise measure-
ment of high-power LDs under low current range is a practical solution
to the reliability evaluation of the devices. In our future researches, we
plan to investigate more precise correlation between 1/f noise and the
derivative of LDs to build their quantitative model.
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