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Abstract:

In order to analyze the thermal characteristics of the cavity facet of a semiconductor laser, a home-built

near-field scanning optical microscopy (NSOM) is employed to probe the topography of the facet. By comparing the
topographic images of two samples under different DC current injections, we can find that the thermal characteristic
is related to its lifetime. We show that it is possible to predict the lifetime of the semiconductor laser diode with non-

destructive tests.
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1. Introduction

High power semiconductor lasers have been widely used,
e.g., as pumping solid-state lasers, in medical systems and ma-
terial processing!!l. As the output power increases, the relia-
bility of the high power laser is crucial for practical applica-
tions. The laser diode is heated by the high output power and
its temperature increases until thermal runoff takes place at the
critical temperature. The temperature increase results in a dras-
tic reduction in the device lifetime. Analysis of the thermal
characteristic of the semiconductor laser diode is important to
investigate the device lifetime. Theoretically, regression mod-
els are developed to predict the lifetime of the diode lasers!?].
Experimentally, on the one hand, the device thermal charac-
teristics are related to various parameters such as threshold
current, emission wavelength, and junction voltagel®!, which
are sensitive to the temperature changes in the device. On the
other hand, there are several techniques which are potentially
helpful for the thermal analysis of laser diode devices, such
as micro-Raman spectroscopy!~®, electroluminescencel” 8],
photoluminescencel®~ '], scanning near field infrared radiom-
etry (SNIM)!12- 131 thermo-reflectance (TR)['4~1€], and scan-
ning thermal microscopy (SThM)['7-18]. These techniques
have proved to be useful for estimating the temperature of the
laser facet. In this paper, we employ a home-built near-field
scanning optical microscope (NSOM) to investigate the ther-
mal properties of the laser diode. Compared to the accelerated
aging test, the lifetime of the laser diode can be predicted with-
out destruction using this method.

2. Method

In our experiments, we employ the home-built NSOM to
image the topography of the front facet of a semiconductor
laser diode (LD). When the probe is scanning at the front facet
of the LD, the LD is driven with a constant continuous current.
The NSOM works in constant gap-width mode to protect the
LD’s facet. The scanning rate is fixed at 0.302 Hz and the scan
area is about 20 x 20 um?. Figure 1(a) shows the experimental
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setup diagram we employed, i.e. the Cartesian coordinate sys-
tem. The x—y plane is the front facet of the laser diode. The x
direction is perpendicular to the active layer of the laser diode;
the y direction is parallel to the active layer; while the z direc-
tion is along the resonant cavity of the laser diode.
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Fig. 1. (a) Experimental diagram. (b) Structure of the laser diode.
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Fig. 2. Topographic images measured by the NSOM. (a)—(c) are the images of LD-A. (a) Original topographic image of the laser face before
current injection. (b), (c) First topographic image after the injection current is switched on and off, respectively. (d)—(f) are the corresponding
images for LD-B, respectively. The lines in the images are drawn to represent the scan lines for the following analysis.

The LD sample prepared for experiment is fabricated in our
lab, and its lasing wavelength is about 808 nm. The structure
of the laser diode is shown in Fig. 1(b). It is an AlGaAs broad-
area laser diode in which the epitaxial layers are grown on an
n-GaAs substrate. The active region consists of an AlGaAs sin-
gle quantum well (QW) layer between symmetrical AlGaAs
waveguide and cladding layers. The laser diode is p-side down
mounted on a Cu heat sink. In our experiments, we prepare two
laser diode samples with the same process, called laser diode
sample A (LD-A) and laser diode sample B (LD-B).

The NSOM is first used to image the topography of the
laser diode facet before the LD is driven. Then, we start a new
set of scans and obtain topographic images when the LD is
driven by a constant continuous current. The active region can
be found by comparing the topographic and optical images, be-
cause these images are the function of the tip position and ob-
tained at the same time. We scan the laser facet three times and
find that there are few changes for the topographic images. We
switch off the injection current after the third scan is finished
and start a new set of scans simultaneously. The topographic
image is same as the original one as long as the scanning time is
long enough. Figure 2 shows the topographic images measured
by the NSOM. Figures 2(a), 2(b), and 2(c) show topographic
images of LD-A measured before, during and after current in-
jection, respectively. Figures 2(b) and 2(c) are the first images
when we switch on and off the injection current, respectively.
The corresponding images for LD-B are shown in Figs. 2(d),
2(e), and 2(f). In these images, the bright and dark regions cor-
respond to the image of the LD and the heat sink, respectively,
because the facet of the laser diode is little higher than that of
the heat sink in our experimental samples.

By comparing the topographic images with and without
injection current, we can find the influences of the injection
current on the topographic images of the laser diode. Changes
perpendicular to the active layer (along the x direction) and
changes of the height in the images (along the z direction) are

obviously observed. The explanation for this is that when the
laser diode is operating, one part of the power injected into the
LD is converted into emitted light and another part of it is con-
verted into heat which causes thermal expansion due to the rise
of LD’s temperature.

3. Results

The height changes due to thermal expansion along the z
direction. Figures 3(a) and 3(b) show the raw data taken from
the topographic images along the scanning lines from the bot-
tom to the top, and the positions of the scanning lines are drawn
as shown in Figs. 2(a)-2(f). In Fig. 3(a), the data of A (black),
A-up (red) and A-down (green) lines are the raw data taken
from Figs. 2(a), 2(b), and 2(c), respectively. The data repre-
sent the height along the z direction. By comparing the lines
in Fig. 3(a), we can find that the slope of the cross lines are
different. The difference is due to thermal expansion of the LD
due to the current injection.

In the experiments, the scanning rate is constant. The data
are obtained at each tip position step by step. The interval be-
tween two pieces of obtained data is the same. The data of the
images are measured as a function of tip position. Therefore,
the relationship between the scanning time and the tip position
is linear.

In order to analyze the main difference between the height
changes of LD-A, we numerically subtract A data from A-up
data and A-down data, respectively, as shown in Fig. 3(b). The
data of the triangle symbol (new A-up) are the original A-up
data with the A data numerically subtracted. The data of the
square symbol (new A-down) are deduced from the original
A-down data. That is, the data represent the height difference
after the injection current is switched on and off, respectively.
In Fig. 3(b), the red line is the averaging line for the new A-up
data. After the injection current is switched on, the tempera-
ture of the LD increases. As a consequence, thermal expansion
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Fig. 3. Results deduced from raw data (Fig. 2). (a) Raw data of LD-A: A, A-up and A-down obtained from the images of Figs. 2(a), 2(b),
and 2(c), respectively. (b) Difference of the height abstracted from raw data in Fig. 3(a). (c), (d) Corresponding results for laser sample B,

respectively.

occurs. The length of the laser resonant cavity becomes longer
than before. The slope of the red line is positive. In contrast, the
slope of the green line in Fig. 3(b) which is the average line for
the new A-down data is negative. The green line represents the
height changes when the injection current is switched off. The
LD’s temperature is little higher than that of heat sink when
the LD is working. As the injection current is turned off, the
thermal equilibrium of the LD is destroyed. The LD’s tempera-
ture decreases. The length of the LD’s resonant cavity becomes
shorter.

A similar thing occurs as we deal with the topographic im-
ages of LD-B with the same method. Figures 3(c) and 3(d) are
the corresponding results, respectively. Figure 3(c) shows the
raw data of B (black), B-up (red) and B-down (green) obtained
from Figs. 2(d), 2(e), and 2(f), respectively. Figure 3(d) shows
the relationship between the height changes caused by the in-
jection current along the y scanning direction.

4. Discussions

There are three mechanisms for the heat energy exchange
between device and environment: conduction, convection and
radiation. In the steady state, the power generated by a device
is balanced by the power removed from the device and we can
write it as:

Qgen = Qcond + Qconv + Qrad, (1)

where Q.gen is the total heat power generated by the injection
current, Q.onq 1S the conduction power, Q coqy 1S the convection
power, and Q4 is the radiation power. In our experiments, the

injection current (/) is fixed at 100 mA, which is less than the
threshold currents of the laser samples. That is, the laser diode
is not lasing, just working in fluorescence. The optical power is
a small part of the input power. Here, we assume that the input
power of sample laser A is same as that of sample laser B when
we add the injection current to drive the laser diodes and Q gen
(= IV) is converted into heat.

The temperature rise will cause thermal expansion. The lo-
cal expansion signal / can be written as /| = «L AT, where «
is the local thermal expansion-coefficient, L is the local sam-
ple height and AT is the local temperature rise. Since the lo-
cal height « is already contained in the topography, the expan-
sion signal can be used to obtain local material characteristics
through « or temperature rise through AT'. Here, the local ther-
mal expansion-coefficient is assumed as a constant. Therefore,
the local temperature change (A7) is proportional to the lo-
cal expansion signal / which is the change of the height of the
sample laser (along the z direction).

In our experiments, we compare the thermal characteris-
tics of the two laser diodes to understand temperature changes
caused by the current injection. As mentioned above, the scan
rate is constant, at 0.302 Hz, in our experiment. The tip posi-
tion is proportional to the scan time. Since we start a new scan
when the injection current is switched on simultaneously, the
scan time represents the injection time. In this condition, the re-
lationship between the temperature changes of the laser diode
and the scan time can be deduced.

Figure 4(a) gives the normalization of the A-up (circle sym-
bol) data and B-up (triangle symbol) data as a function of the
current injection time. L1 (black line) and L2 (red line) are fit-
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Fig. 4. Comparison of the results of lasers A and B. (a) shows the
result as the current is injected. L1 (black) is the fitting line for the
A-up data. L2 (red) is the fitting line for the B-up data. (b) shows the
result as the injection current is switched off. L3 (black) is the fitting
line for the A-down data. L4 is the fitting line for the B-down data.

ting lines for the new A-up data and new B-up data, respec-
tively. As the same power is added to the laser diode, the tem-
perature change of LD-A is faster than that of LD-B as time
goes on, and the thermal balance temperature of LD-B is lower
than that of LD-A.

Figure 4(b) shows the normalized results of the new A-
down (blue circle symbol) data and new B-down (green tri-
angle symbol) data. L3 (black line) and L4 (red line) are the
fitting lines. L3 and L4 decrease as the time increases. This
means that, when the injection current is switched off, the tem-
perature of the laser diode will decrease. The absolute value of
the slope of L4 is bigger than that of L3. The explanation for
this is that the rate of thermal exchange with the environment
of LD-B is faster than that of LD-A. Above all, the thermal
property of LD-B is better than that of LD-A.

An aging test has been done to understand the relation-
ship between the thermal characteristics and the lifetime of the
laser diode. The aging testing injection current is 1 A. Figure
5 shows the /-V and I—P curve at 0 h (at the beginning of
the test), 40 h (after lightening for 40 h, and 146 h (after light-
ening for 146 h). After 146 h, LD-A is dead while the lifetime
of LD-B is more than 441 h. We find that the lifetime of LD-
B is longer than that of LD-A. As we show above, the thermal
property of LD-B is better than that of LD-A. When we add the
same injection current to drive the laser diode, the temperature
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Fig. 5. Aging test results. 0 hour is at the beginning of the test. 40 hour

is measured when the laser diode has operated for 40 h. 146 hour is
measured when the laser diode has operated for 146 h.

of LD-A will be higher than that of LD-B, the temperature rise
will accelerate aging, and the lifetime of the laser is shortened.
The relationship between the thermal property detected in this
method and the lifetime of the laser diode will be studied in
future.

5. Conclusions

In conclusion, we present a new method to estimate the
thermal properties of an 808 nm semiconductor laser by
NSOM. We describe the experimental set-up and the experi-
mental process in detail. Topographic images of the facet of
the LDs are measured before, during and after DC current in-
jection. By comparing the topographic images, we can deduce
the thermal characteristics of the LD. As we all know, the better
the thermal property, the longer the lifetime of the semicon-
ductor laser. Thus, the method introduced in this paper may
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provide a way to predict the lifetime of a semiconductor laser
diode without destruction.
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