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Abstract

A complete characterization and comparison of thermal effect between two high power fiber
coupled diode laser modules operating at wavelengths of 808 nm and 975 nm. For the diode
laser to operate at certain wavelength, the internal construction and the used material inside
the diode must be different. Both wavelengths have a wide use in the laser design such as
pumping another active medium to be lase at a new wavelength, 808 nm used to excite solid
state lasers such as Nd:YVO and 975 nm used to excite fiber laser such as Yb fiber laser and
Er-Yb fiber lasers, and also in applications in several fields such as military, industrial and
biomedical engineering fields. For the 808 nm diode laser the output wavelength varied with
changing the temperature while the 975 nm has a very large stability against the change of the
operating temperature. We obtained an optical power up to 6 Watt (cw). The electrical
characterization of the diode laser modules was examined by measuring the dependence of the
laser driving current on the operating voltage. The optical characterization was investigated at
different temperatures. These included the laser output power versus the driving current, the
output optical power versus electrical input power, the laser output spectrum, the laser beam
profile and the dependence of the output power on the temperature. The measured diode laser
of 975 nm parameters at 25°C were (0.3A) threshold current, (35.84%) overall slope
efficiency and (975.34 nm) central wavelength with line width of (1.3 nm) at FWHM. The
variation of the output power, spectrum with temperature are presented. The measured diode
laser of 808 nm parameters at 25°C were (1.3A) threshold current, (42%) overall slope
efficiency and (807.96nm) central wavelength with line width of (3.59nm) at FWHM. The
variation of the above mentioned parameters with temperature are presented
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1. Introduction:

Laser diodes (= diode lasers) are electrically pumped semiconductor lasers in which the gain
is generated by an electrical current flowing through a p—n junction or (more frequently) a
p—i—n structure. In such a heterostructure, electrons and holes can recombine, releasing the
energy portions as photons. This process can be spontaneous, but can also be stimulated by
incident photons, in effect leading to optical amplification, and with optical feedback in a
laser resonator to laser oscillation. The article on semiconductor lasers describes more in
detail how the laser amplification process in a semiconductor works.

Laser diodes are normally built as edge-emitting lasers, where the laser resonator is formed by
coated or uncoated end facets (cleaved edges) of the semiconductor wafer. They are often
based on a double heterostructure, which restricts the generated carriers to a narrow region
and at the same time serves as a wavequide for the optical field (double confinement). The
current flow is restricted to the same region, sometimes using isolating barriers. Such
arrangements lead to a relatively low threshold pump power and high efficiency. The active
region is usually quite thin — often so thin that it acts as a quantum well. In some cases,
guantum dots are used [1]. Laser diodes may emit a beam into free space, but many LDs are
also available in fiber-coupled form as in our devices used in the experimental work in this
paper. The latter makes it particularly convenient to use them, e.g., as pump sources for fiber
lasers and fiber amplifiers.

The emission wavelength of a laser diode is essentially determined by the bandgap of the
laser-active semiconductor material: the photon energy is close to the bandgap energy. In
guantum well lasers, there is also some influence of the quantum well thickness. A variety of
semiconductor materials makes it possible to cover wide spectral regions.

In particular, there are many ternary and quaternary semiconductor compounds, where the
bandgap energy can be adjusted in a wide range simply by varying the composition details.
For example, an increased aluminum content (increased x) in AlxGal—xAs causes an increase
in the bandgap energy and thus a shorter emission wavelength. The used materials in the
diode laser to generate the wavelengths of 808 nm and 975 nm are AlGaAs (its emission band
from 720 — 850 nm) and InGaAs (its emission band from 900 — 1100 nm), respectively. Both
wavelengths are in the near-infrared spectral region [1].

The efficiency is usually limited by factors such as the electrical resistance, carrier leakage,
scattering, absorption (particularly in doped regions), and spontaneous emission. Particularly
high efficiencies are achieved with laser diodes emitting e.g. around 940-980 nm (as used e.g.
for pumping ytterbium-doped high-power fiber devices), whereas 808-nm diodes are
somewhat less efficient [1].

Most higher-power LDs, however, exhibit a relatively poor beam quality, combined with
other non-favorable properties, such as a large beam divergence, high asymmetry of beam
radius and beam quality between two perpendicular directions, and astigmatism. It is not
always trivial to find the best design for beam shaping optics, being compact, easy to
manufacture and align, preserving the beam quality and avoiding interference fringes,
removing astigmatism, having low losses, etc.

Typical parts of such diode laser beam shaping optics are collimating lenses (spherical or
cylindrical), apertures, and anamorphic prisms. The developing of TEM® laser mode with
high efficiency, high output power, good spatial beam profile and good stability is highly
desired. This will make it suitable for using in material processing and other scientific
applications. One of these applications is pumping other laser crystals like Nd:YAG and
Nd:YVO?*, (Diode-Pumped-Solid-State Laser "DPSSL") with 808 nm diode laser modules [2-
4], and pumping rare earth doped fibers like Yb** and Er®" -doped fiber lasers and Er:Yb
codoped fiber laser, (Diode-Pumped-Fiber-Laser "DPFL") with 975 nm diode laser modules
[5-11].
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The new technique such as High Power Diode Laser modules for pumping solid state lasers
and fiber lasers is a reliable technique in developing TEM® laser output [12-14]. High power
laser diode arrays have found wide applications in manufacturing, defense, communications,
and pumping of solid state lasers and fiber lasers.

High power diode laser modules typically have a broad spectral width of about 3 to 6 nm [15].
In addition, the center wavelength shifts by changing the temperature or the driving current,
which is obstructive for pumping applications with small bandwidth. Wavelength of high
power laser modules is an important means for more efficient pumping of solid state lasers
with narrow bandwidth. However, for efficient and reliable wavelength stabilization the
parameters of Volume Holographic Grating (VHG) and the diode laser bars have to be
adopted carefully. Important parameters are the reflectivity of the VHG, the reflectivity of the
diode laser bar and the angular and spectral emission characteristics of diode laser bar. In
addition, the lateral structure of diode laser bar and microoptical elements for beam shaping
have to be considered [15].

The diode laser bar is mounted onto a heat sink to remove the waste heat generated by the
device under operation. The cooling for the high power diode laser bars can be passive or
active. A typically passively cooled diode is sold on a CS mount, a standard package that is
compatible with a thermo-electric cooler (TEC) based mounting fixture.

In this paper, we have investigated full electrical and optical characterizations of the main two
important high power fiber coupled diode laser modules operating at 808 nm and 975 nm,
respectively. These characterizations can be divided into five categories and we will focus on
the highlighting ones:

* Electrical: Measurement of light output, voltage drop, and operating current.

* Spatial: Output light intensity profile in the far and near the field and pointing angle of
radiation pattern.

» Spectral: Spectral data acquired to calculate spectral width, center wavelength and to
observe mode structure.

* Optical: Measurement of astigmatism and other wave front errors.

* Dynamic: Measurement of noise, intermodulation, distortion, rise time, fall time, chirping
and so on.

* Thermal: The variable of the above characteristics with temperature.

2. Basic Concepts of Wavelength Stabilization:
2.1 Approaches of Wavelength Stabilization

Different methods have been investigated in the past for improving the spectral brightness of
diode laser bars. These approaches can be divided into internal and external solutions. For
internal solutions the wavelength stabilizing structure is integrated into diode laser bar itself,
whereas for external solutions separate bulk elements with integrated Bragg grating are used
for wavelength stabilization.

An example for a diode laser bar with internal wavelength stabilization is a distributed
feedback diode laser (DFB) where the grating for selective spectral feedback is integrated in
the structure of the active region of the laser bar itself. With such a device the wavelength
shift with temperature is reduced down to about 0.08 nm/ °C and in addition the spectral
bandwidth is reduced to less than 1 nm [16-18]. It is evident that the fabrication process of
such a DFB-diode laser bar is more complex leading to an increase in costs. Another
drawback is the reduced efficiency of a DFB diode laser, when compared to standard broad
area diode laser bar.

Another drawback of high power diode laser systems with broad area diode laser bars is their
relatively poor beam quality and brightness B as defined in equation (1): [19]
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The brightness of a diode laser beam is defined by the laser power P and the beam parameter
product (BPP — equation (2)) in slaw- and fast-axis-direction [19]

BPP, 1y = BPP2,,, + BPPZ,,

slow

BPP = w, .0
(half beam waist diameter ? times half far field divergence angle 8)
(2)

The output beam of a common broad area diode laser bar is characterized by a highly
asymmetric profile with regard to beam dimension and divergence angle. Whereas the beam
quality in the fast-direction is about 1 mm.mrad and thus nearly diffraction limited, the beam
quality of a standard 10 mm broad area diode laser bar in the slow-direction is in the region
400-500 mm.mrad, which is far beyond the diffraction limit [19].

In recent years the brightness of diode laser bars has been significantly improved mainly by
increasing the output power per emitter and by reducing the slow-axis divergence. The
development led to the design of new types of diode laser bars with reduced number of
emitters and increased pitch between the emitters. These minibars have advantages compared
to the traditional 10 mm broad diode laser bars [20].

In contrast to thin internal approach wavelength stabilization by external components has also
been investigated. One example for an external wavelength stabilizing element is a thick
volume grating based on a photo thermo refractive (PTR) inorganic glass. Recording of highly
efficient Bragg gratings in such photosensitive glass is achieved by periodic variation of the
refractive index by UV exposure. Such volume diffractive gratings are commercially available
from different vendors with slightly different nomenclatures, like volume Bragg gratings
(VBG) [21], volume holographic grating (VHG) [22], or volume Bragg grating laser
(VOBLA) [23], whereas the latter also includes the diode laser source.

Because of the angular sensitivity of VHG it is advantages to reduce the divergence of the
diode laser bar especially in the fast-axis direction by collimating the beam with a fast-axis
collimating lens (FAC). This will significantly increase the optical feedback by VHG.
Collimation of the beam in the slow-axis with a SAC is not mandatory. The VHG is
positioned directly behind the FAC. The table in Figure (1) shows typical alignment
tolerances that are required for efficient wavelength stabilization.

FAC VHG
\ _/ typical tolerances for rotation
X-axis y-axis z-axis
=- + 0.5 mrad + 10 mrad + 10 mrad
y ! X

Fig. 1 Typical setup for a wavelength stabilized diode laser bar with VHG positioned directly
behind the FAC. The table shows typical alignment tolerance with respect to the shown setup



2.2 Influence of diode parameters on the performance of external wavelength
stabilization:

For efficient and stable operation of wavelength stabilization all relevant parameters have to
be controlled carefully. The parameters of the diode laser bar include the reflectivity of the
AR-coating of the output facet, the emitter structure, the cavity length, the smile, the angular
emission characteristics and mounting technology, which has an influence on the wavelength
drift with driving current and temperature [15].

The properties of VHG are optimized by adopting the reflective index modulation, the spatial
frequency and the thickness. These three independent parameters define the Bragg angle, the
diffraction efficiency and the spectral and angular selectivity of the grating. In principle, for
each configuration these VHG parameters have to be optimized separately. However, based
on the experience a value for the VHG reflectivity of about 20% is a good starting point for
most common diode laser bars [15].

As a matter of course, inserting a VHG for wavelength stabilization will reduce the output
power for a given current when compared to the diode bar without stabilization. A VHG with
a higher reflectivity will increase the locking range of wavelength in the expense of the higher
power loss. This means that optimization of wavelength stabilization will always be a trade-
off between locking range and power loss. Furthermore it is important to notice that the
optimum reflectivity also depends on the demands of the application. For some application the
VHG has to be optimized for large locking range, whereas for other applications low losses
for fixed operating conditions could be requested [15].

The most common setup for wavelength stabilization with an external VHG is a separate bulk
VHG positioned directly behind a fast-axis collimation lens (FAC). One important
disadvantages of this setup is its sensitivity for smile. As a consequence of smile some
emitters are not exactly on the optical axis leading to a deflection angle after collimation and
finally to a displacement of the reflected light with respect to the initial position of the emitter.
The emitter that is not exactly located on the optical axis will receive less optical feedback as
shown in the right diagram of Figure (2).

One means to overcome the sensitivity for smile is the integration of grating structure into the
FAC itself [24]. Such an element is more insensitive to smile or misalignment. Due to the
large angular divergence of the uncollimated beam and the small angular selectivity of the
grating only a small part of the beam is reflected back into the diode bar laser cavity. In the
case of misalignment or smile another part of the beam will be reflected to provide feedback.
In contrast, for an ideal two components setup with good collimation and no smile nearly all
light reflected from the VHG is coupled back into the diode laser cavity. On the other hand
this implies that for efficient wavelength locking a significant increase of the reflectivity of
VHG-FAC to about 70% [24].

FAC VHG
off optical axis .
on optical axis :J
Diode bar with smile Reflected Intensity Optical feedback by VHG

optical

' ..........




Fig. 2 Influence of smile on the optical feedback of diode laser bar with volume holographic
grating (VHG) for wavelength stabilization.

3. Electrical Characterization of the Fiber Coupled Diode Module:

3.1 Experimental Setup:

The experimental setup shown in Figure (3) consists of; laser diode driver with a temperature
controller (fully controlled by computer via wireless commands), power supply (output 24V,
10.5A), high power diode laser module (fiber coupled), optical power meter, spectrometer
with integrated sphere, thermal camera and laser optical detectors.

< Sensor for
..... powermeter

Fig. 3 Photograph of the experimental setup

A laser diode driver (UM DiTec 60/8000 TEC OEM) with an integrated highly precise
temperature controller (TEC) used for driving diode lasers in cw and pulsed mode as it has an
On-Board Oscillator which can be freely configure for pulsation the laser. The driver is
completely controllable by RS232 serial interface; where the current, voltage and temperature
can freely set, as it will be used to measure the electrical and optical characterization of the
high power Diode laser module.

Our high power Diode laser module is a fiber coupled @ (808 and 975 nm) + 2 nm. The
highest brightness is achieved by transforming the asymmetric radiation from the laser diode
into a symmetrical beam, using micro optics and finally this beam can be coupled into 125um
fiber with core diameter of 50 um.

While the optical power meter system (PM213) provided by THORLABS with two different
detectors; (S120B) silicon sensor has spectral band ranging from 400:1100nm measuring an
optical power ranging form 50nW-50mW and the other (S213A) Thermal sensor has spectral
band ranging from 250:1064nm measuring up to 30W. Using the silicon sensor for low power
measurement since its response is a wavelength dependent.

3.2 Experimental Results:
By adjusting the laser diode driver to different voltages and obtaining the driving input current

to the diode module (measured and viewed through the computer’s screen) at different
operating temperature; the measured (I-V) diode characteristic curve is shown in Figure (3).
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Fig. 4 The (I-V) curve measured at different temperatures

From Figure (4) one can notice that; the maximum consumption electrical power was found at
temperature of 10°C provided the lowest electrical to optical slope efficiency in this case.

3.3 Optical Characterization of the Fiber Coupled Diode Laser Module:
The experimental setup was shown in previous section.

i) Principles and concepts of the measurements:
The light emitted by one facet of the semiconductor (Diode) laser was measured as a function
of the driver input current (I); and the measuring curve is referred to as the Light-Current (L-1)
curve which is strongly temperature dependent. The form of the (L-I) curve is typical the
same as in any lasers; the turning point at which the laser output abruptly start to increase
corresponds to the threshold lasing point. The threshold current (ly,) or equivalently threshold
current density (Ji) is an important device parameter and its minimization is desirable. It is
well known that when the input current | < ly; light output mainly consists of spontaneous
emission.

ii) Optical characterization measurements results:
The output laser power at a constant operating temperature (25°C) is measured using the
optical power meter and the laser detectors; corresponding to the change in the driving input
current to the Diode laser module. As the optical characteristics (L-1) curve can be
investigated. Diode output laser power (Watt) Vs. the diode input driving current (A);
measured at different temperatures.

Output Optical Power (W)
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Fig. 5 The Optical characteristics (L-1) curve of the high power diode module at operating
temperature of different values




Output measured threshold laser was 528 pW at input driving current of 0.3A (using S120B
photo detector for measuring such low output power) for the 975 nm and 45.42 mW at 1.3 A
input current for the 808 nm diode lasers.

The (L-1) characteristic curve is measured at different temperatures showing the temperature
effect on the threshold lasing point and the slope efficiency shown in the next section.
Figure (5) shows the clearly linear relation between the output laser power and the input
driving current behind threshold point, as the laser is shown to operate continuously without
any indication of heating or failure.

The conversion efficiency of the pigtail fiber was discussed by measuring the output optical
power from the pigtail fiber coupled diode module for the driving current 4A that was 3.35W;
i.e. the conversion efficiency was around 83.75% in the 975 nm diode laser; while was 85% in
the 808 nm diode laser; which is considered as high conversion efficiency between the Diode
module and the fiber pigtail. From the previous Electrical and Optical characterization
measurements; we got the important relation between the output optical power and the input
electrical one shown in Figure (6).

Figure (6) shows the relation between the optical output power and the electrical input one in
the above curve; while the lower one shows the electrical to optical slope efficiency.
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Fig. 6 The high power diode measuring optical characteristics.

From our measurements shown in Figure (6); we have maximum slope efficiency around 36%
for the 975 nm and 42% for the 808 nm. The decreasing in the measured efficiency with
increasing pumping current shown in Figure (6) occurs because of the ohmic losses in the
diode laser increasing with the square of the current [12]; where the output power is in linear
relation with the driving current as shown in Figure (5).

4. The Temperature Effects on the Output Diode Laser Characteristics:



4.1 Temperature effect on the lasing threshold point:

Using the previous experimental setup; with changing the diode operating temperature to
different values; and measuring the (L-I) curve in each case, the temperature effect on the
output threshold laser can be examined.

The Dependence of the Threshold Current with Temprature
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Fig. 7 The laser diode output vs. the driving input current at different temperatures.

Figure (7) shows the laser diode output vs. the driving input current at different values of
temperatures, the result illustrates that; the laser threshold output is an increasing function of
temperature.

Concerning with the temperature effect on both of threshold lasing and the conversion slope
efficiency; and taking into account the measuring results of the electrical characterization
shown in Figure (4); we notice that; operating the high power Diode module at the room
temperature (25-30°C) is the best condition. It gives higher slope efficiency with lower
consumption electrical power and lower threshold lasing which considered to be an optimum
condition producing a maximum output performance.

4.2 Temperature effects on the wavelength measurements:

Temperature variation is an important factor that must be monitor if the wavelength will
change with the temperature variation or not. Here, for the 975 nm, it was noticed that the
wavelength will not change that is a measure of the stability of the diode laser regardless of
the temperature variation, while for the 808 nm, it was noticed that the wavelength has a slight
shift while changing the temperature.

i) Experimental Setup:

The experimental setup shown in Figure (8) consists of; high resolution Spectrometer, fiber
optic integrating spheres, collimated optics, optical density lens, high power pigtail diode
module and "Spectra Suite” computer software.

The high resolution Spectrometer (HR4000CG) with a 3648-element linear-array CCD
detector that provides better optical resolution produced by "Ocean Optics Inc." shown in
Figure (8); providing 200:1100 nm wavelengths ranging with 0.75nm optical resolution
(FWHM) is used in our experimental work. "Spectra Suite™ spectrometer software is used in
analyzing and viewing our measurements.

ii) Experimental Results:

Firstly; we investigate the temperature effect on the laser output wavelength; we measure the
diode wavelength at different operating temperatures controlled by the laser diode driver and
temperature controller (within the diode operating temperature acceptance 0:60°C) with a
constant driving current 4000 mA.
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Fig. 8 The experimental setup of the wavelength measurement using high resolution CCD
spectrometer ranging from 200:1100 nm.

Figure (9) shows the wavelength of the laser output for the 975 nm at different temperatures
(from 25 up to 35 °C with step 1 °C) at constant driving current of 4A.

Spectrum Of the 976 nm high power diode laser
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Fig. 9 The wavelength variation according to temperature changed under constant
driving current of 4 A.

It was noticed from measurements of Figures (9, 10) that the emitted laser wavelength is not
affected by the temperature increasing or by the current increment; we did that to investigate
the stability of the unit used. From Figure (9) we measured the spectrum of the high power
diode laser for the operating current of 4A with different temperatures (from 25 °C to 35 °C
with step temperature of 1 °C) we notice no shift in the output wavelength at 977.34 nm.
Secondly; we measure the wavelength of the diode output at different input driving currents.
Figure (10) shows the output wavelength measured at different driving current (from 1A to
7A with step current of 0.5A) for a constant temperature. We repeated this measurement 3
times for 3 different temperatures (25 °C, 30 °C, 35 °C).
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From our measurements; one can observe that the peak wavelengths for the diode laser are
nearly constant for different temperatures at the same driving current); with no shift in the
central wavelength.
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spectrum of the 976 nm high power diode laser operating at current range from 1A to 7A with
step current of 0.5A for different temperatures (a) 25 °C, (b) 30 °C, (c) 35 °C.
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Fig. 11 The spectrum of 808 nm diode laser according to temperature change with constant
driving current (3.5 A)
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Fig. 12 The spectrum of 808 nm diode laser; with its peak insignificant shift according to
increasing i/p currents at constant temperature (25°C).

Figure (11) shows the wavelength of the laser output at different temperatures (12, 20, 25 and
30°C) at constant driving current (3.5A). It was noticed that the emitted laser wavelength is
affected by the temperature increasing; and for a good approximation; Diode wavelength will
increase by 0.35nm/C; which agrees with the published results shown in [25]. This will lead to
a suitable technique for controlling the output diode laser wavelength to be typically
coincident with the absorbed band for Nd** doping materials [26].

From Figure (11) the maximum diode output power obtained at the room temperature
(20:25°C); which proves that; the ideal temperature for the diode operation is the room
temperature. Furthermore; the best useful wavelength band for pumping Nd** doped materials
was given at the same temperature ranging (20:25°C).
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Secondly; we measure the wavelength of the diode o/p at different i/p driving currents; nearly
at constant temperature. Figure (12) shows the output wavelength measured at different
driving current (1600, 2500, 3500 and 5000mA) for a constant temperature (25°C). From our
measurements; one can observe that the peak wavelengths for the diode laser are nearly
constant for different i/p driving currents (1600, 2500, 3500 and 5000mA); showing a slightly
shift towards higher wavelength according to increasing the driving current causes a little
increased in the diode temperature. Typical 808 nm laser o/p is obtained with different driving
i/p current at constant temperature of 25°C with line width of 3.59 nm measured at FWHM.
The final step in the measurement is the thermal image of the 975 nm laser beam, which is in
the shape of a Gaussian beam and the figure below shows the beam profile of that beam. This
measurement was done using the FLUKE Ti20 TERMAL IMAGER as in Figure (13).
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Fig. 13 Output beam profile of diode laser module with stabilized wavelength at 975 nm

5. Conclusion and Discussions:

In this paper; the temperature effect on both of threshold lasing and the conversion slope
efficiency was measured. Based on the Electrical and Optical characterization measuring
results; operation of the high power diode module at the room temperature (25°C) gave best
slope efficiency with low consumption electrical power and low in lasing threshold; which is
considered as an optimum condition that gives the maximum output performance.

Maximum slope efficiency around 35.84% for the 975 nm with a maximum electrical to
optical conversion efficiency of 25% while it was 42% for the 808 nm with a maximum
electrical to optical conversion efficiency of 28% was measured. The emitted laser
wavelength was not affected by the temperature increasing.
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Moreover; the appropriate wavelength that useful for pumping Yb** doped fiber (around
975nm) was obtained at the temperature range of (25°C). The peak wavelengths for the diode
laser were found to be nearly constant for different operating temperatures. Typical 975 nm
diode laser output was obtained with different driving input current at constant temperature of
25°C with line width of 1.3 nm for the 975 nm, and 3.59 nm for the 808 nm at FWHM.

For the 808 nm diode laser module, which was not provided with volume holographic grating
(VHG) the emitted laser wavelength was affected by the temperature or driving current
increase; and for a good approximation; diode wavelength was increased by 0.35nm/°C, while
for the 975 nm diode laser module provided with (VHG), the emitted laser was not shifted
according to the advantages of volume holographic grating, which enhance the wavelength
stability for either change of driving current or wide range of temperatures.

By providing wavelength-selective feedback into a laser diode (LD), a VHG can lock the
lasing wavelength to that of grating. This serves to lower the temperature dependence of the
wavelength, narrow the spectrum, reduce the aging-related wavelength changes, and in the
case of diode arrays, lock each emitter to the same wavelength, producing a much narrower
combined spectrum than that in the unlocked arrays [27].

VHGs can have narrow spectral response (below 0.1nm) and a small spatial acceptance angle
(below 0.1°). A small VHG formed by the interference of two collimated beams acts as a
spectral filter with diffraction efficiency approaching 100%, narrow bandwidth, and precise
central frequency. These features are important for several spectral filter applications such as
laser line rejection, separating and combining beams of different wavelengths for spectral
analysis, signal detection, power combining, wavelength-selection, routing and switching, and
improving LD emission characteristics by locking and stabilizing the wavelength [27].
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