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Antimonide semiconductor laser is a new type of laser with unique advantages
in the 2 ym band. However, employing FP cavities causes multiple transverse
modes to degrade beam quality despite achieving higher power output. In this
paper, an antimonide semiconductor laser operating in 2 ym band is realized by
utilizing fiber coupling and combining. Fiber combining results in higher output
power, while the uniform patterns in both near-field and far-field are obtained,
and the beam quality is improved. The experimental results illustrate that the
output power reaches 1.2 W after 7-channel beam combination, and the near-
field distribution is approximately Gaussian, while the far-field distribution is a
flat-top.
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Introduction

The laser in 2 um band is superior to the low atmospheric extinction ratio and human
eye safety, and has absorption peaks at various molecules such as H,O and CO, [1, 2].
Therefore, the 2 um band laser has a vital role in the fields of laser remote sensing, laser
ranging, spectroscopy and medical treatment [3-6]. In particular, antimonide
semiconductor lasers are gradually occupying an increasingly important position in
short-wave infrared lasers due to their small size, high photoelectric conversion efficiency,
and good temperature stability [7].

As narrow-bandgap semiconductor materials, antimonide covers the bandwidth
of 1.5-5um, and thus becomes an ideal material system for mid-infrared
semiconductor laser. Antimonide semi-conductor laser is a new type of laser.
Since its invention in 1986, the short-wave infrared (2 pm) laser generated by
antimonide semiconductor laser has been a research hotspot, and become a high-
quality light source for infrared laser countermeasure, biological microscope, medical
illumination, laser pumping, plastic welding and other fields [8]. In recent years,
antimonide infrared lasers have been widely concerned and developed rapidly. In
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2009, Li et al. reported a quantum well antimonide
semiconductor laser with a 43 mW CW output at 2.2 um
[9]. In 2010, Niu et al. achieved a 2 pum laser output at
room temperature for the first time using an F-P cavity
[10]. Subsequently, the wavelength of the output laser was
extended to 2.4 um [11], and the output power was further
increased to 1.4 W [12]. In 2011, Reboul et al. reported a
GaSb-based semiconductor laser output in the 2 um band
[13]. In 2013, Apiratikul et al. achieved a 40 mW single
longitudinal mode laser output in the 2 pm band through
laterally coupled distributed feedback [14]. In 2016, Hosoda
et al. reported a high-power cascaded antimonide
semiconductor laser that achieved a continuous-light laser
output with an average power of 2 W at room temperature
[15]. In recent years, Niu Zhichuan’s team at the Chinese
Academy of Sciences has also achieved a series of research
results in antimonide semiconductor lasers [12, 16, 17].

the

antimonide semiconductor laser also has problems such as

Similar to other semiconductor lasers, 2 um
multimode output, large divergence angle, and asymmetric
laser pattern, which seriously restrict its development and
application. To solve these problems, Rong et al. proposed a
fishbone-shaped microstructure in 2016 to reduce the
transverse divergence angle of the beam by 55% [18]. In
this paper, we employ fiber coupling and combining to
the quality  of
semiconductor Through

combination, the laser with a center wavelength of

improve beam 2um  antimonide

laser. 7-channel  beam
2,055 nm and a line width of 30 nm has an average output
power of 1.2 W, while possessing an approximate Gaussian

near-field distribution and a flat-topped far-field distribution.

Fiber homogenization theory

A simple and effective beam shaping method is to couple the
semiconductor laser into a large-core multimode fiber with a
certain length. The outgoing beam is homogenised after
transmission due to the limitations of the multimode fibre
waveguide structure.

The high-order mode fiber applied to beam shaping is
essentially a multimode fiber. The normalized frequency is
given by
_ 2maNA

\%
A

1)

where NA is the numerical aperture of the fiber. It can be seen
that a larger NA and core diameter results in a more significant
normalized frequency of the fiber and a larger number of modes
allowed in the fiber, which can be expressed as

V2

M= —
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Due to the larger core diameter and NA of the multimode
fiber, i.e., more supported modes, the laser coupling into
multimode fiber excites higher-order modes, and most of the
energy of the fundamental mode is transferred to the higher-
order modes supported by the multimode fiber, and the energy
coupling between these modes occurs. Assuming that the
intensity of the incident beam is E;, (x, y, z = 0), the
intensity at the fusion surface after the beam enters the
multimode fiber becomes the result of the superposition of
each mode:

M N
En(%22=0)= Y Y Cusern (53,2 =0) ()
1 1

where e,,,(x, ¥, z = 0) is the intensity distribution of the mn-th
order guided mode in the multimode fiber, M x N is the number
of excited modes in the multimode fiber, C,,, is the modal
expansion coefficient and can be expressed as

Ein (%, ¥,0) X epn(x, y,0)ds
oL (x.7.0)
”slem (% 9 0)|2ds

4

After these modes propagate for a certain distance in the
fiber, the power carried by each conduction mode becomes
stable, and the energy is redistributed among the higher-order
modes. The final beam intensity distribution from the fiber is
the superposition of the various-order modes:

M N
Eou (x) Y, L) = chmnemn (x) ¥, O)Q’iﬁan (5)
11

where mn is the propagation constant of the mn-th order
excitation mode of the waveguide in the multimode fiber. The
more significant the difference between the diameter of the
incident laser pattern and the core diameter of the multimode
fiber, the more high-order modes are excited, and the better the
homogenization effect of the laser pattern is.

Experimental results and discussion
Direct output performance

In this experiment, the antimonide semiconductor laser chip
operating in 2 um band is designed with a high-reliability ridge
waveguide structure and a Fabry-Perot cavity type, using
antimonide substrate, grown by quantum well epitaxy, and then
packaged in COS. We measured the intensity distribution of the
laser direct output, as shown in Figure 1. Figure 1 shows the near-
field distribution of the beam at three different positions, 20, 100,
and 200 mm from the laser output port, respectively. Obviously, the
beam quality is relatively poor, and there are problems such as
multimode output, large divergence angle, asymmetric laser pattern,
etc. Next, we investigated how to improve the beam quality through
multi-beam combination through the fibers.
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FIGURE 1
The beam near-field distribution at different transmission distances (A) 20 mm, (B) 100 mm and (C) 200 mm.
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FIGURE 2
Laser output performance of antimonide fiber-coupled semiconductor laser module: (A) PIV curve, (B) laser spectrum, (C)near-field pattern
and (D)far-field pattern of output beam. The near-field distribution is Gaussian and the far-field distribution is flat-topped.

Single fiber-coupled output performance 105 um. Although the larger the fiber core diameter and
numerical aperture, the higher the coupling efficiency, the

The experiments first examined the output of a single coupling fiber core diameter must not be too large and must
laser chip coupled to a quartz fibre with the core diameter of be smaller than the core diameter of the combining fiber. So
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we choose a core diameter of 105 pm for the coupling fiber.
The coupling method adopts a wedge-shaped fiber lens for
direct coupling, and the structure of the fiber output port is
SMA905.

The variation curve of fiber output power with current is
shown in Figure 2A. The overall linearity is relatively good,
and the coupling efficiency at the highest power point
reaches 56% (when the fiber input power is 0.5 W, the
output power is 0.28 W). The end face of the fiber lens is
not coated, and the coupling efficiency will be further
improved if the coating is applied. The output laser
spectrum has a dendritic spectral distribution, about
2,050-2,065 nm, the line width is up to 15 nm, and there
are multiple longitudinal modes, as shown in Figure 2B. This
is due to the limited frequency selection capability of the FP
cavity. If the DFB structure is employed, the narrow
linewidth output can be achieved, although the output
power will be significantly reduced [19]. Figure 2C shows
the near-field distribution of the laser at the output end of the
fiber, which is Gaussian as a whole and has modulation
inside; Figure 2D shows the far-field distribution of the
laser output, which has a flat-top distribution as a whole,
and the internal modulation is still evident. It can be seen
that the beam quality of the antimonide semiconductor laser
in the 2 pm band is still relatively poor after coupling the
fiber, because the semiconductor chip itself has multi-
transverse mode output and the coupling fiber is a multi-
mode fiber. However, compared to Figure I, it can be seen
that the intensity distribution of the beam after transmission
through the coupling fiber and tends to be uniformly smooth
overall, and the horizontal divergence angle becomes smaller
and almost equal to the vertical one, that’s because the laser
coupling into multimode fiber excites higher-order modes,
and most of the energy of the fundamental mode is
transferred to the higher-order modes supported by the
multimode fiber, and the energy coupling between these
modes occurs. From this it can be assumed that if such
multi-channel beams are combined into a single
multimode fiber, this results in a number of light intensity
with different
different modes being coupled and superimposed, and the

components intensity distributions in
beam quality should be further improved, and the greater the
number of fiber channels the greater the probability that the
intensity of the beam-combining will be uniform. In our
experiment, we combine 7-channel optical fiber outputs to
explore the feasibility of this method, and verify its effect on
the beam quality.

Comparing Figures 1, 2, it can be seen that the intensity
distribution of the beam after transmission through the coupling
fiber and tends to be uniformly smooth overall, that’s because the
laser coupling into multimode fiber excites higher-order modes,
and most of the energy of the fundamental mode is transferred to
the higher-order modes supported by the multimode fiber, and
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FIGURE 3
The structure of the 7-channel fiber combining.

the energy coupling between these modes occurs. But the quality
of this beam is still relatively poor and the transverse distribution
of the intensity is very uneven. If such multi-channel beams are
combined into a single multimode fiber, this results in a number
of light with  different
distributions  in modes

intensity components
different
superimposed, and the beam quality should be further

intensity
being coupled and
improved, and the greater the number of fiber channels the
greater the probability that the intensity of the beam-combining
will be uniform. In our experiment, we combine 7-channel
optical fiber outputs to explore the feasibility of this method,

and verify its effect on the beam quality.

7-Channel beam combining output
performance

Figure 3 is a schematic diagram of the 7-channel fiber
combining. Seven identical antimonide semiconductor lasers
are respectively coupled and output through the same
105 um core-diameter fibers, and then combined into
another fiber with a core diameter of 200 pum through a
beam combiner.

Figures 4A,B shows the output optical power and spectral
line characteristics of the 7-channel beam combination. The
output laser power of the single-tube COS chip is 0.5 W, the
output power of the 7-channel combined beam reaches 1.25 W,
and the overall beam combining efficiency of the system is
35.7%. The output laser spectral distribution is from 2,040 to
2,070 nm, showing a dendritic spectral distribution with a line
width of up to 30 nm. The near-field and far-field distributions
of the output beam are shown in Figures 4C,D, presenting a
Gaussian distribution and a flat-top distribution, respectively.
Compared with Figures 2C,D, it can be seen that the beam
quality is greatly improved after combining, this is consistent
with the previous speculation, if increase the number of
channels the beam quality and intensity distribution will be
further improved.
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Laser output performance of 7-channel beam combining: (A) PIV curve, (B) laser spectrum, (C) near-field pattern and (D) far-field pattern.

Conclusion

To address the poor beam quality of antimonide
semiconductor lasers in the 2um band, we propose a
solution to improve the beam quality by using multi-
channel fibres to combine beam. In the experiment, the
fiber was employed to study the beam combination of 2 um
band antimonide semiconductor lasers coupled with seven
channels of fibers. The results indicate that the beam quality is
greatly improved after the beam combination, and the near-
field distribution is approximately Gaussian, while the far-
field exhibits a flat-top distribution. This is due to the poor
quality of the output beam of the single-channel fiber, and the
lateral distribution of the intensity is very uneven. When the
multiplexing is performed, the lowest point of the intensity of
a certain beam is likely to be superimposed with the strongest
point of the other beams and tend to the average value.
Moreover, more beams participating in beam combining
will bring more desirable beam quality, that is, the lateral
intensity distribution of the beam will be smoothed with an
improved the total output power.
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