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Abstract — For the large driving current of high-power
semiconductor Laser diodes (LDs), a modified method
to measure the electrical derivative of LDs under scan-
ning driving current with variable step length is proposed,
which is to achieve the fast and accurate measurement of
optical and electrical characteristic parameters of LDs with
a relatively small data acquisition. The experimental re-
sults show that, with fewer measurements, this method
can effectively and accurately measure and extract the
LDs corresponding parameters including threshold cur-
rent (I;), voltage-current characteristic (V-I), luminous
power-current relation (P-I), electrical derivative curve
(IdV/dI-T). The wavelet transformation singularity testing
results of the threshold current also verify the accuracy,
reliability, and advantage of this method.
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I. Introduction

Semiconductor Laser diodes (LDs) are broadly applied
in material manufacture, communication, measurement
and many other fields due to the advantages including
small size, long lifetime and so on! =%, With the develop-
ment of semiconductor and photo electronic technologies
in recent years, new breakthroughs have been constantly
made on LDs, such as double hetero junction LDs, quan-
tum well LDs, quantum cascade LDs72 which further
reduce the threshold current of devices, optimize the tem-
perature stability, improve the electro-optical conversion

efficiency. At present, power semiconductor laser is one of
the main researching directions!™®!. For high power semi-
conductor LDs, it is of great significance to study a quick
and efficient method to acquire the device characteristic
parameters in larger driving current.

The derivative technique, as a nondestructive test-
ing method for LDs reliability, has aroused broad
attention!'¥. Since Barnes et al. first proposed the theory
to use the derivative method to evaluate the reliability of
LDs['5], some related methods are continuely proposed,
such as using the saturation characterisitcs of the junc-
tion voltage to test the double heterojunction LDs[!
equivalent circuit model based on the derivative method
of bury heterojunction InGaAsP LDs['”!, and Choy from
the Bell Labs proposed the screening method for the fast
degradating devices using the derivative parameters be-
fore and after the threshold current!*®). However, the fixed
step scanning current method is still being used for the
measurement of the electrical derivative of semiconductor

, an

LDs!19-24 which is suitable for low-power devices, but for
the derivative measurement of high-power devices, due to
the high threshold currents, the driving current variation
range is much wider, the measuring time is longer and
the acquired data is more, so the measuring efficiency is
low. Besides, the measurement under long-time large cur-
rent can cause internal damage in devices, which may re-
duce the lifetime of the devices, so it is a significant work
to quickly and accurately extract the electrical derivative

*Manuscript Received Oct. 23, 2015; Accepted Apr. 18, 2016. This work is supported by the Young Scientists Fund of the National
Natural Science Foundation of China (No.61204055), the Project of National Key Scientific Instrument and Equipment Development of
China (No0.2011YQ040077), and the Young Science and research Fund and the Natural Science Foundation of Science and Technology
Development Program of Jilin Province, China (No0.20130522188JH, No0.20140101175JC).

© 2017 Chinese Institute of Electronics. DOI:10.1049/cje.2017.03.006



Electrical Derivative Measurement of High-Power InGaAs LDs Under Scanning Current with Variable Step 509

parameters to evaluate the reliability of LDs with less
data acquired. All the current electrical derivative mea-
surements still adopt the method with fixed step scanning
current, i.e., the driving currents increasing in a fixed
step are applied on LDs to acquire the terminal voltages
and laser powers under each current, and the curves of
voltage-current(V — I) and power-current(P — I), from
which the parameters being closely related to the reliabil-
ity of the LDs can be extracted, including the threshold
current, sinking height at the threshold, junction charac-
teristic parameter and the derivative intercept after the
threshold[20].

In this paper, we propose a novel derivative measuring
method under scanning current with variable step for the
large driving current of high power semiconductor LDs
to realize a quick extraction of the parameters with less
measurement data. First the LDs are tested by a scan-
ning current with longer step in the whole current range
to roughly acquire the threshold interval, and then in this
interval the derivative is measured again under a scanning
current with shorter step, which not only the overall in-
formation of the derivative out of the threshold interval is
acquired, but also the detail information near the thresh-
old. The experimental results show that this method can
more efficiently and accurately extract the derivative pa-
rameters of LDs.

II. Method and Experiment

The extraction of the electrical derivative parameters
of semiconductor LDs mainly includes the curve measure-
ments of the derivative and laser power versus the driving
current. The derivative is the product of the driving cur-
rent I and, the differentiation, dV/dI, of the terminal
voltage V' to I, and the equations before and after the

threshold current Iy, can be expressed as below['4
dV mkT
I— =1 —, I<] 1
dI RS + q 5 < th ( )
dv
I— =1 I>17 2
a1 Rs, I > I (2)

Where R, is the equivalent series resistance of the LDs.
The photoelectric characteristics curves of ideal semicon-
ductor LDs are shown in Fig.1 where curve 1, 2, 3 and 4
are respectively corresponding to the voltage-current(V-
I) characteristic, laser power(P-I), derivative(IdV/dI-T)
and the second derivative of the laser power(d?P/dI?-I).
The threshold current I;j, is extracted from the d2P/ dI%-1
curve. According to Eq.(1), there is a sink in the deriva-
tive curve at the threshold current, the height of which
is the junction voltage saturation depth. The slope of the
derivative curve below the threshold represents the equiv-
alent series resistance R of LDs, and the intercept of the
curve before the threshold is mkT/q, which is used in

extracting the junction characteristic parameter m, and
the intercept after the threshold b represents the junction
integrity and the carrier leakage. The parameters above
can be acquired by measuring the V-I curve and the P-I
curve, and the two curves are usually measured under a
scanning current with a fixed step.

1:V-I
1 2:P-I
3:0dV/dI-1
4P P/dP-1

mkT/q
b

!

Fig. 1. The photoelectric characteristics curves of ideal semi-
conductor LDs

The principle of scanning driving current with variable
step is shown in Fig.2. Theoretically, the information is
more abundant near the threshold current, so the scan-
ning current step should be shorter, and the photoelectric
characteristics curves in other intervals change relatively
more slowly versus the current, so the step can be longer,
so that it can be ensured that the parameters are ex-
tracted more accurately with less data. The specific pro-
cess of our method is to first scan the whole current range
with a long current step, and by computing the second
derivative of the laser power versus I, a threshold current
Iy, is roughly estimated, and then an interval (Ir,Ig)
containing I;; is scanned with a shorter and refine step
while the data in other intervals remain the same. At last
the data acquired by the scanning are computed to get
the precise threshold current and other parameters.
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Fig. 2. The principle of scanning driving current with variable
step

The schematic of the testing system is shown in Fig.3,
where the MCU with 32-bit ARM9 core is used as the core
controller, the voltage-control constant current source is
used as the actuator to realize the digital driving, the laser
power(represented by voltage) of the device is measured
by the photodiode as the sensor, and the AD conversion
precision of the terminal voltage and the laser power is
12 bit. The experimental samples are InGaAs quantum
well high-power semiconductor LDs of which the power is
3W, the laser wavelength is 976nm, the cavity length is
2000um, the quantum well width is 10nm and the thresh-
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old current is 300mA, manufactured by the China Elec-
tronics Technology Group Corporation.
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Fig. 3. The schematic of the testing system
I11. Experiment Results and Analysis

In order to investigate the influence of the step length
on the measurement results, the photoelectric character-
isitcs of LDs measured by different fixed steps are shown
in Fig.4, where Fig.4(a)-4(d) are corresponding to the
steps of 20mA, 10mA, 2mA and 1mA and curve 14
are the V-1, P-I, IdV/dI-I and d?P/dI?-I curves. From
Fig.4(a)-4(c) we can directly see that, when the step de-
creases, the peak of the d? P/dI*-I curve at the threshold
current narrows down, which indicates that the extracted
threshold current is more accurate, and meanwhile the
sink of IdV/dI-I curve is more distinct. However, from
Fig.4(d) we can see that when the step further decreases,
the noise of the measured data increases distinctly, and
the important information such as the peak and the sink
are drenched in the noise, which inevitably cause the in-
accuracy or even incapability of the parameter extraction.

2000 2000
(a) Step length:20mA (b)

Step length:10mA

1600

1200

V(mV)

0 200 400 600 800 1000 0 200 400 600 800 1000
1(mA) 1(mA)

Step length:2mA Step length: ImA

‘ A i Il
400 800 1000
1(mA)

1: V-I; 2: P-T; 3: Idv/dI-I; 4: d>P/dI*-T

Fig. 4. The photoelectric characterisitcs of LDs measured by
different fixed steps

This phenomenon above can be explained through the
filtering of the signal derivation. The derivation of a signal
is actually a filtering process, and taking the derivation
dV/dI for example, the amplitude-frequency responses of
the filters corresponding to different current steps in this
process are shown in Fig.5, where the frequency axis is

normalized and fs is the reciprocal of the minimum cur-
rent step(AI=1mA) in the experiment, which we call the
max sampling frequency. From Fig.4 we can see that the
shorter the scanning current step is, the wider the band-
width is, the larger the filter central frequency is, and
the weaker the suppression to the high frequency signal.
There are inevitably noise and interferences in actual ex-
periment system, which mostly exist as the high frequency
component, and the magnitude spectra of the V-I data
of the LDs is shown in Fig.6, from which we can see that
most of the signal components are in the low frequency
band, and the high frequency components are mainly the
noise and the saltation component at the threshold cur-
rent. Therefore, the longer current step can effectively
suppress the noise but the sink at the threshold is more
obscure (Fig.4(a)—4(c)), and steps too short will cause the
useful signal components drenched in the noise(Fig.4(d)),
so appropriate current steps are of great significance for
accurately extracting the parameters during the actual
measurements.
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Fig. 5. The amplitude-frequency responses of the filters cor-
responding to different current steps
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Fig. 6. The magnitude spectra of the V-I data of the LDs

In order to accurately acquire the information of
threshold current and the derivative sink at the thresh-
old and so on with less sampling points and effectively
suppress the noise, we propose the measuring method un-
der scanning current with variable step. First a sampling
process is conducted in the current interval of 0-1000mA
with the current step of AI;=10mA (100 points), and
after generally estimating the threshold current I;;,’, a re-
finer sampling process is conducted in the current interval
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of (It’-50,13,°+50) with the current step of Al,=2mA
(50 points), so only 150 points are sampled in total, and
then the accurate threshold I;;, can be acquired. The mea-
surement results are shown in Fig.7, from which we can
obviously see that the noise of the curves is effectively sup-
pressed, and the peak in the d?P/dI?-I is very distinct,
which indicates that the threshold current is accurately
extracted, and the derivative sink at the threshold is also
very distinct.
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Fig. 7. The result of variable step scanning current drive

Next in the quantatively comparison among the mea-
surement results above, we use the derivative slope
at the threshold (d(IdV/dI)/dI|;=y,,) to represent
the obviousness of the derivative sink, the half-peak
bandwidth(2AI 5) of the d? P/dI? — I peak at the thresh-
old and the I, /2Aly 5 (we call it Quality factor) to rep-
resent the accuracy of the threshold current extraction, to
compare and analyze the different fixed steps and variable
step methods. In fact, the negative d(IdV/dI)/dI|i=1,,
indicates that the threshold derivative sink appears, the
larger its absolute value is, the more distinct the sink is.
Besides, the smaller 2Aj 5 is and the larger I, /2AIj 5
is, the narrower and steeper the peak is, which indicates
that the acquired threshold current is more accurate. The
comparison results are shown in Table 1, from which we
can see that the accurate parameters cannot be acquired
whether the current step is too long or too short, and
the results of variable step method is almost the same as
the 2mA step, meanwhile our method acquired the results
with only 150 sample points instead of the 500 points in

method the fixed step method, which is entirely coherent to the
expected result.
Table 1. The comparison results of different fixed steps and variable step methods
Scanning Sample Threshold d?P/dI? half-peak quality factor
current step point amount current d(1dv/dl)/dl|r=r,, bandwidth Iip /2A10 5

AI(mA) N Iip (mA) 2AIp.5(mA)

20 50 400 0.75(failure) 180 2.22

10 100 380 -0.05 90 4.22

5 200 380 -1.97 40 9.50

2 500 372 -12.35 24 15.50

1 1000 - - - -
Variable 150 376 -14.12 26 14.46

For some LDs with nonlinear P — I curve, we can still
acquire their threshold currents and electrical derivative
curves using the variable step method. Multiple measure-
ments confirm that variable step method applies to non-
linear P-I curve LD.

The derivative measuring method above requires the
laser power curve first to get the accurate threshold cur-
rent. In order to simplify the measurement system and
lower the measuring difficulty and further testify the ac-
curacy and superiority of our variable step method, the
measurement of the laser power can be avoided, and
the threshold current can be directly extracted from V-1
curve by using wavelet singularity detection/?*=26. The
wavelet transformation results of the 10mA and 2mA
step V-I curve under different scales are shown in Fig.8
and Fig.9 and the results of the variable step method
are shown in Fig.10, where WdeV represents the binary
wavelet transformation of V' (I) with scale j and time shift
d. During the computation of the wavelet coefficients of
the variable step method, the original signal needs to be
linear interpolated to make the data be a uniform distri-
bution on the current axis. Obviously, in Fig.8 the max-

imum value of the wavelet coefficient module (threshold
current Iy,) is vague, and in Fig.9 the threshold current
cannot be detected because of the interference of the high
frequency components, however, from Fig.10 we can see
that all the wavelet coefficient curves appear to have spec-
ulate maximum module points and the high frequency
noise interferences are effectively suppressed. These re-
sults are coherent to the former measurements in Fig.4
and Fig.7.

According to the analysis above, all the experiment
results show that the variable step method can accu-
rately measure and extract the derivative parameters of
the LDs with less measured data, and possess the advan-
tages such as high accuracy, reliability and so on. Not
only can the variable step method accurately acquire the
LD photoelectrical characteristics, it can also quickly de-
termine whether the device is damaged. The LD can be
confirmed damaged within the following circumstances:
1) The threshold current cannot be acquired when there
is LD luminous power output; 2) The V-I curve is nor-
mal when there is no LD luminous power output; 3) LD
is damaged by large bias current overload or high tem-
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perature; 4) The circuit is open because the LD damage,
when there is no LD luminous power output and the V-1
curve cannot be acquired.
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Fig. 8. The wavelet transformation results of the 10mA cur-
rent step
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Fig. 10. The wavelet transformation results of the variable cur-
rent step method

For the first two cases, this method cannot detect the
peak of d?P/dI*-I and the threshold current, but can

acquire a rough derivative curve. And for the latter two
cases, the LD is broken during the first scanning so the
second scanning cannot proceed, therefore the electrical
derivative curve cannot be acquired but an approximate
threshold current. In brief, if the threshold and the whole
electrical derivative curve cannot be acquired, it can be
determined that the LD device is damaged.

IV. Conclusions

We propose a derivative measuring method for high-
power semiconductor LDs under scanning current with
variable step. In quantatively comparison to the LDs pa-
rameters such as the electrical derivative slope at thresh-
old, the half-peak bandwidth of the d?P/dI*-I peak and
its Quality factor(l,/2AIp 5) and so on measured by the
fixed step method, we find that our method can extract
the threshold current more accurately and obtain a more
distinct sink on electrical derivative curve at the thresh-
old. The experiment results show that our method can
achieve almost the same measurement results with only
150 sampling points as the fixed step method with 500
sampling points. Furtherly, the threshold singularity test-
ing results of wavelet transformation also verify the ac-
curacy and reliability of this method. Therefore, the ex-
periment results above indicate that our method can ac-
curately and efficiently measure the derivative curve of
the LDs and extract the corresponding parameters, and
that the measuring time and data storage are remarkably
reduced meanwhile.

References

[1] B. Cakmak, T. Karacali and M. Biber, “Investigation of Q-
switched InP-based 1550 nm semiconductor lasers”, Optics &
Laser Technology, Vol.44, No.3, pp.1593-1597, 2012.

[2] Shi Jiawei, Jin Enshun and Li Hongyan, “The characteris-
tic junction parameter of a semiconductor laser and its rela-
tion with reliability”, Optical and Quantum Electronics, Vol.28,
No.6, pp.647-651, 1996.

[3] C. Sasaoka, K. Fukuda, M. Ohya, K. Shiba, et al., “Over 1000
mW single mode operation of planar inner stripe blue-violet
laser diodes”, Phys. Status Solidi(a), Vol.203, No.7, pp.1824—
1828, 2006.

[4] Zhao Zhiqiang, Xia Junwen and Yu Lei, “Approaches on the
calibration of Laser diode (LD) tester”, Applied Mechanics and
Materials, Vol.568, pp.1292-1297, 2014.

[5] W.G. Wu and J.B. Chen, “Optically pumped alkali laser in pure
87Rb atom cell without buffer gas”, Chinese Journal of Elec-
tronics, Vol.20, No.2, Apr. 2011.

[6] Z. Zeng, X.B. Li, M. Li, B. Huang, et al., “Analysis of power
consumption on laser solder joints of electric connector”, Chi-
nese Journal of Electronics, Vol.23, No.4, 2014.

[7] T. Meyer, H. Braun, U.T. Schwarz, et al., “Spectral dynam-
ics of 405nm (Al,In)GaN laser diodes grown on GaN and SiC
substrate”, Opt. Express, Vol.16, No.10, pp.6833-6845, 2008.

[8] C.S. Kim, Y.D. Jang, D.M. Shin, et al., “Estimation of relative
defect densities in InGaN laser diodes by induced absorption of
photoexcited carriers”, Opt. Express, Vol.18, No.26, pp. 27136—
27141, 2010.



Electrical Derivative Measurement of High-Power InGaAs LDs Under Scanning Current with Variable Step

513

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

20]

(21]

(22]

W. Yang, D. Li, N. Liu, Z. Chen, et al., “Improvement of
hole injection and electron overflow by a tapered AlGaN elec-
tron blocking layer in InGaN-based blue laser diodes”, Applied
Physics Letters, Vol.100, No.3, pp.031105-031105-5, 2012.
Christine Y. Wang, Lyuba Kuznetsova and V.M. Gkort-
sas, “Mode-locked pulses from mid-infrared quantum cascade
lasers”, Opt. Express, Vol.17, No.15, pp.12929-12943, 2009.

D. Scholz, H. Braun, U.T. Schwarz, S. Bruninghoff, et al., “Mea-
surement and simulation of filamentation in (Al,In)GaN laser
diodes”, Opt. Express, Vol.16, No.10, pp.6846-6859, 2008.
Pey-Kee Lau and Toshihiko Makino, “Current-voltage charac-
teristics of long wavelength quantum-well laser diodes”, Journal
of Applied Physics, Vol.83, No.3, pp.1183-1186, 1998.

Xin Guofeng, Qu Ronghul, Fang Zujie, et al., “New develop-
ment of high power semiconductor laser”, Laser & Optoelec-
tronics Progress, Vol.43, No.2, pp.3-8, 2006.

Liu Xia, Li Te, Lu Guoguang, et al., “Research on electric
derivatives and reliability of semiconductor lasers”, Laser & Op-
toelectronics Progress, Vol.52, pp.041404—041404-8, 2015.

P.A. Barnes and T.L. Paoli, “Derivative measurements of the
current-voltage characteristics of double-heterostructure injec-
tion lasers”, IEEE Journal of Quantum FElectronics, Vol.12,
No.10, pp.633-639, 1976.

W.B. Joyce and R.W. Dixon, “Electrical characterization of het-
erostructure lasers”, Journal of Applied Physics, Vol.49, No.7,
pp.3719-3728, 1978.

P.D. Wright, W.B. Joyce and D.C. Craft, “Electrical deriva-
tive characteristics of InGaAsP buried heterostructure lasers”,
Journal of Applied Physics, Vol.53, No.3, pp.1364-1372, 1982.
Lei Zhifeng, “Screening and life testing of high power diode
laser”, Environmental Apaptability & Reliability, Vol.26, No.3,
pp.37—40, 2008.

Li Hongyan, Qi Liyun, Shi Jiawei, et al., “Effective method
for evaluation of semiconuctor laser quality”, Microelectronics
Reliability, Vol.40, pp.333-337, 2000.

D. Guo, L. Cheng and X. Chen, “Electrical derivative measure-
ment of quantum cascade lasers”, Journal of Applied Physics,
Vol.109, No.4, pp.043105-043105-3, 2011.

T.L. Paoli, “Observation of second derivatives of the electrical
characteristics of double-heterostructure junction lasers”, IEEE
Transactions on Electron Devices, Vol.23, No.12, pp.1333-1336,
1976.

D. Li, H. Zong, W. Yang and L. Feng, “Stimulated emission in
GaN-based laser diodes far below the threshold region”, Optics

(23]

(24]

25]

(26]

Ezpress, Vol.22, No.3, pp.2536-2544, 2014.

P.L. Anthony and N.E. Schumaker, “Ambipolar transport in
double heterostructure injection laser”, IEEE Electron Device
Letters, Vol.1, No.4, pp.58-60, 1980.

Qi Liyun, Shi Jiawei, Li Hongyan, et al., “The peaks in
the electric derivative curves and optic derivative curves of
GaAs/GaAlAs high-power QW lasers”, Microelectronics Reli-
ability, Vol.40, No.12, pp.2123-2128, 2000.

Lin Hu, Guo Shuxu, Zhao Wei, et al., “Wavelet transform for
evaluation of semiconductor laser reliability”, Chinese Journal
Of Lasers, Vol.31, No.9, pp.1500-1504, 2004.

K. Lian, H.J. Wang and B. Long, “A novel method of mea-
suring lipschitz exponent based on wavelet transform modulus
maxima”, Acta FElectronica Sinica, Vol.36, No.1, pp.106-110,
2008 (In Chinese).

TAO Min is a M.S. candidate in
College of Electronic Science and Engineer-
ing, Jilin University, China. His research
interests include embedded system and the
driving technology for high-power semicon-
ductor laser diodes. (Email: taominl4@
mails.jlu.edu.cn )

GUAN Jian is a M.S. candidate in
College of Electronic Science and Engineer-
ing, Jilin University, China. His research
interests include the detection and charac-
teristics of 1/f noise in semiconductor de-
vices.

GAO Fengli (corresponding author)
Ph.D., is an associate professor in Col-
lege of Electronic Science and Engineering,
Jilin University, China. His research inter-
ests include weak signal detection, the low-
frequency noise characteristics of semicon-
ductor LDs and their application. (Email:
gaofl@jlu.edu.cn)



