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We studied the spectral beam combining (SBC) of a large optical cavity (LOC) laser array to achieve high-power and high-
brightness laser output. We discussed the characteristics of the external cavity feedback efficiency and the focal length of
the transform lens for lasers with different waveguide thicknesses. We have found that using LOC laser diodes can increase
the proportion of external cavity feedback, thereby improving the SBC efficiency. At a current of 90 A, the CW output power
of the SBC system is 59.2 W, and the SBC efficiency reaches up to 102.8%. All emitters of the laser array have achieved
spectral locking with a spectral width of 11.67 nm, and the beam parameter product is 4.38 mm·mrad.
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1. Introduction

High-power, high-brightness semiconductor lasers have a series
of advantages of small size, light weight, high conversion effi-
ciency, long life-time, direct modulation, and easy integration
with other semiconductor devices. They are widely used in
medical treatment, pumping of solid-state and fiber lasers,
industrial processing, optical communications, and so on[1–3].
However, the beam quality of the fast- and slow-axis beams
of high-power broad-area laser diodes is extremely unbal-
anced[4]. In order to enable the laser to be more efficiently
coupled into the optical fiber for easy application, beam shaping
and combining technologies are required. So far, spectral beam
combining (SBC)[5] is widely recognized as an efficient method
that can achieve power scaling while maintaining beam quality
comparable to that of a single emitter. The back facet of the laser
and the output coupler form a resonant cavity. The laser beam
emitted by each single emitter is acted by a Fourier transform
lens and coincides with the position of the diffraction grating,
and the laser is then diffracted by the grating. Part of the dif-
fracted light is reflected back to the grating, returns along the
original path to the original emitter, and resonates again. The
wavelength of each emitter strictly satisfies the grating equation.

Due to the different incident angles and the same diffraction
angles of the grating, each emitter resonates at different wave-
lengths, and the lasers through the output coupler coincide in
both the near field and the far field.
Since Daneu et al. demonstrated the technique of SBC using a

laser diode array at 2.05 μm, obtaining 1.8Wwith 50% SBC effi-
ciency (ratio of SBC output power to free run power)[6], several
institutions have devoted themselves to the research of SBC of
semiconductor lasers at different wavelengths. Hamilton et al.
described SBC of seven laser bars, and the combined output
power is about 26 W near 820 nm, with the SBC efficiency
approaching 45%. The resonator they designed was based on
the Schmidt telescope principle to eliminate spherical aberration
on the transform mirror[7]. Crump et al. demonstrated that the
volume holographic grating stabilized extremely low vertical
divergence lasers. These lasers are shown to have lower loss
and larger operation windows than the traditional lasers even
if there is a significant smile effect. They also discussed the
potential for reliable output power and possibility of perfor-
mance improvement[8]. Glebov et al. demonstrated a 4680 W
fiber-coupled laser with the SBC efficiency of around 72%,
and the output fiber has a core diameter of 100 μm and
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<0.08 numerical aperture (NA)[9]. Zhang et al. introduced the
transmission grating to SBC and achieved a power of 50.8 W,
SBC efficiency of 90.2%, spectral width of 24.1 nm, and a holistic
M2 of 10.9[10]. Zhu et al. added a beam shaping element in the
SBC system, which reduced the smile effect and the divergence
of the slow axis. The output power was 58.8 W, with SBC effi-
ciency of about 90%, spectral width of 12.7 nm, and M2

of 1.3 and 11.6 in the fast and slow axes[11]. Wang et al. reported
the SBC of 25 single emitter lasers, with about 220 W output
power, SBC efficiency of 82.9%, and spectral width less than
9 nm[12]. Sun et al. used 12 mini-bars for SBC. A CW output
power of 578 W at 70 A, SBC efficiency of about 88%, fast
and slow axes M2 of 19.3 and 23.6, respectively, and spectral
width of 10.26 nm were achieved[13]. Lin et al. presented a com-
bining structure in view of SBC and polarization beam combin-
ing by using eight laser arrays, with the combined power of
310.2 W, SBC efficiency of about 70%, and M2 of 10.27 and
13.55 in the fast and slow axes, respectively[14]. Xu et al. used
several transform lenses with different focal lengths to improve
the SBC efficiency. At 90 A, the 930 nm laser yielded 75.1 W
output power, spectral width of 18.6 nm, and SBC efficiency
of 92.7%[15]. We have found that researchers have done a lot
of work in order to improve SBC efficiency to reduce loss and
increase output power.
Compared with other beam combining methods, SBC must

provide enough feedback in the setup to lock each emitter to
the different wavelength so that the output coupler generally
has a minimum reflectivity of about 10%. This limits the SBC
efficiency and the further increase in output power. In addition,
during the packaging process of the laser array, due to the mis-
match of the thermal expansion coefficient between the chip and
the heat sink, the thermal stress causes the beam of each emitter
of the laser array not to be in a straight line. This shows the inevi-
table existence of the smile effect. Since the dimension of the
light-emitting area perpendicular to the PN junction is in the
order of micrometers, a small displacement will have a great
impact on the beam quality of the diode laser. It will also bring
greater difficulty to subsequent beam shaping and feedback
effect of the external cavity. Based on the characteristics of
the broad-area laser array, the waveguide in the vertical direction
is narrower than in the horizontal direction, so the beam feed-
back of the vertical direction is relatively more difficult. If the
packaging is further affected by the smile effect, the feedback will
be more difficult to predict. We believe that the SBC efficiency
can be further improved if the effective feedback of the external
cavity beam can be increased.
Considering these problems, we tried to adopt a thicker wave-

guide, where the feedback light from the external cavity is easier
to return to the internal cavity for gain oscillation, and it may be
possible tomake the SBC efficiency close to 100% or even higher.

2. Design and Simulations

The simulated optical path diagram is shown in Fig. 1, including
a detector, a laser, a fast-axis collimation lens (FAC), a slow-axis

collimation lens (SAC), a transform lens, a transmission grating,
and a reflector. Furthermore, to weaken the effect of the smile
effect on external cavity locking, we used the beam shaping
element, that is, the beam transformation system (BTS). It is
composed of a diagonal lens array and can rotate the beam of
each emitter of the laser array, so that the slow-axis optical field
distribution becomes vertical, and the fast-axis optical field dis-
tribution becomes horizontal. When the external cavity beams
are combined, the original vertical smile effect can be converted
into a difference in horizontal position.
We simulated the setup by using the method of ray tracing.

The laser beam with a certain power passes through the entire
setup and reaches the reflector. Then, the beam is reflected and
passes through the setup again. We use the green light to re-
present the light emitted by the laser source and the red light
to represent the reflected light, and the arrows indicate the direc-
tion of beam propagation. We place a detector behind the
source. We use the reflected light detected by the detector to
qualitatively analyze the influence of the waveguide thickness
of the external cavity. The feedback efficiency (FE) is defined
by the ratio of the power detected by the detector to the power
of the laser source itself. Note that the FE mentioned in this sec-
tion and the SBC efficiency are not the same.
Because of the principle of SBC, the center wavelength of each

emitter of the laser array and the incident angle relative to the
grating satisfy the grating equation,

d�sin θi � sin γ� =mλi: (1)

Among them, d is the distance between two grating lines, θi rep-
resents the incident angle of each emitter relative to the grating, γ
represents the diffraction angle of the grating, m is the order of
diffraction, and λi is the center wavelength of each emitter. The
spectrum after beam combining will be broadened to a certain
extent. The center wavelength and line-width of each emitter
have a certain relationship with the focal length of the transform
lens.
In addition, the broadening of spectral width corresponding

to diverse focal lengths of the transform lens is different, and the
degree of grating dispersion is also different. In order to consider
that the line-width will be affected by the transform lens and the
beam feedback will be affected by the grating dispersion, we set
three wavelengths for the light source. They are the central wave-
length and the wavelengths at half-maximum, respectively. The

Fig. 1. Simulated optical path diagram. FAC, fast-axis collimation lens; BTS,
beam transformation system; SAC, slow-axis collimation lens.
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power of the center wavelength is twice the power of the wave-
lengths at half-maximum.
We set the light source to several lasers with different wave-

guide thicknesses, such as 1.5 μm, 2.5 μm, 3.5 μm, 4.5 μm, and
5.5 μm, respectively. The fast-axis beamwas collimated using the
FAC with a focal length of 365 μm, and then the beam was
rotated 90° by the BTS. The slow-axis beam was collimated
by the SAC with a focal length of 50 mm. The effective focal
lengths of the transform lens are from 100 mm to 500 mm,
with an interval of 50 mm. The transmission grating was with
1850 lines/mm, and first-order diffraction efficiency was above
90% at a wavelength at 970 nm.
From Fig. 2, for a laser with a fixed waveguide thickness, the

FE increases slightly and then decreases significantly as the focal
length of the transform lens increases. The reason is that if the
focal length of the transform lens is small, its collimation effect is
not good enough, and the spectral width is large. It will increase
the dispersion of the grating. If the focal length becomes larger,
the optical path of the entire SBC structure becomes longer. The
feedback effect of the beam will be weakened. Taking the wave-
guide thickness of 1.5 μm as an example, when the focal length is
100 mm, the FE is 35.13%; when the focal length increases to
150 mm, the FE increases to 36.33%; and then the FE drops
to 26.16% when the focal length increases to 500 mm.
Also, we can see that the FE is positively correlated with the

thickness of the waveguide. The thicker the waveguide is, the
higher the FE is. Taking the focal length of 100 mm as an exam-
ple, the FE of the lasers corresponding to the five waveguide
thicknesses is 35.13%, 42.85%, 45.35%, 46.36%, and 47.58% in
order. When the focal length is increased to 500 mm, the FE
becomes 26.16%, 34.33%, 38.71%, 41.74%, and 45.54% in turn.
Through the simulation results, it can also be found that for a
laser with a thicker waveguide, the FE will decrease relatively
slowly as the focal length of the transform lens increases.
Some applications have requirements for spectral width. For

example, some applications hope to achieve higher power and

higher brightness through as many laser arrays as possible.
The spectral width Δλ can be calculated by the equation[6]

Δλ = �2i� 1�pΛ cos α=f : (2)

Among them, 2i� 1 represents the number of emitters in the
laser array, p is the pitch of the emitters in the laser array, Λ
is the grating period, α is the incident angle of the central emitter
with respect to the grating, and f is the focal length of the trans-
form lens. We can find out that the spectral width has a negative
correlation with the focal length of the transform lens, so the
longer focal length can increase the number of combined emit-
ters[16]. At this time, the use of a laser array with a thicker wave-
guide can ensure that the SBC efficiency is almost unaffected. In
this article, we conducted experiments using the transform lens
with 200 mm focal length.

3. Experimental Results and Discussion

We have illustrated that laser diodes with thicker waveguides
have several distinct advantages for external cavity feedback,
so we used this kind of laser to perform the SBC experiment.
Based on the simulation results and the optimization of the laser
chip, the laser array we used in the experiment was a large optical
cavity (LOC) laser with a waveguide thickness of 5.2 μm[17]. The
active region contains two 7 nm quantum wells of undoped
In0.16Ga0.84As sandwiched between 10 nm GaAs barriers. The
p- and n-waveguides are 700 nm and 4.5 μm p- and n-doped
Al0.2Ga0.8As, respectively. The p- and n-cladding layers are
p- and n-doped Al0.5Ga0.5As and Al0.3Ga0.7As, respectively.
Since the light-emitting area of the resonant cavity is greatly
increased, the power density of the optical mirror can be
reduced. In addition, the front facet will not be easily damaged
when receiving the feedback light from the external cavity.
In the experimental setup shown in Fig. 3, the 970 nm LOC

laser array is composed of 19 elements, each around 100 μm
wide with a pitch of 500 μm. The cavity length of the laser array
is 2 mm. The front facet of the laser array was plated with an
anti-reflection coating of <1%, and the back facet was plated
with a high-reflection coating of >99%. For a single emitter
of the laser array at a high injection current, the divergence angle
of the slow and fast axes was about 7° and 13°, and theM2 factor
was approximately 11 and 1.5[17], respectively. When a current
of 90 A was applied to the laser array, the output power under
free running was 57.6W. The transform lens we used had a focal
length of 200 mm.
Figure 4 shows the free run power, SBC power, and SBC effi-

ciency as a function of the driving current. The laser array
worked at the chilling temperature of 20°C and CW operating
mode. At small driving currents, the SBC power is higher than
the free run power. The reason is that SBC can increase the gain
oscillation due to the feedback of the external cavity, so the
threshold current can be reduced. Therefore, the SBC efficiency
may exceed 100%. The maximum electrical to optical conver-
sion efficiency is 42% at 50 A. Under high driving currents,
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Fig. 2. Characteristics of the FE and focal length of the transform lens with
five different waveguide thicknesses.
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the curve between the SBC power and the current is still linear,
and there is no sign that thermal rollover is about to occur. At
90 A, the SBC output power is 59.2 W, and the SBC efficiency is
102.8%. This is mainly because the mode selection element is
inserted into the external cavity of SBC, the beam quality is bet-
ter than when the beams are not combined. The number of
modes is smaller, the gain of the fundamental mode becomes
larger, and the ratio of the fundamental mode is higher.
Overall, the use of the LOC laser can increase the FE, thereby
improving the SBC efficiency. It can break through the current
bottleneck when the SBC efficiency cannot exceed 100% under
high current.
The measured spectrum behind the output coupler is shown

in Fig. 5. It can be seen that all 19 laser emitters have achieved
spectral locking even at a high driving current of 90 A. The
intensity of the few peaks on the left is relatively low compared

to the other peaks, which may be due to the problem of laser
array packaging that causes the intensity of the emitters corre-
sponding to these peaks to be affected. The measured spectral
width Δλ is 11.67 nm, which is consistent with the value of
11.66 nm calculated by the Eq. (2).
We use the beam parameter product (BPP) for evaluating

beam quality. The BPP of the combined beam of a specific wave-
length is determined by the near-field spot size and far-field
divergence. We measured the beam quality by an objective lens
with a focal length of 250 mm. The near-field spot size of the
beam is 1.95mm × 3.93mm, and the divergence angle is
1.04mrad × 4.43mrad at 90 A. As a result, the calculated value
of the total BPP is 4.38 mm·mrad. The BPP is about 1.10 times
that of a single emitter in the horizontal direction and 1.29 times
that of a single emitter in the vertical direction. SBC can obtain
the beneficial effect that the beam quality of the laser output
when the beam is combined is equivalent to the beam quality
of a single emitter of the laser array. It can increase the bright-
ness of the output beam while increasing the power density.

4. Conclusion

In summary, we have demonstrated a structure of SBC based on
the 970 nm LOC laser array. We achieve the spectral locking of
each emitter and obtain the output beam with the overlap of the
near-field and far-field spots finally. As a result, a CW power of
59.2 W, SBC efficiency of 102.8%, and spectral width of
11.67 nm were obtained. The BPP is about 1.10 times that of
a single emitter in the horizontal direction and 1.29 times that
of a single emitter in the vertical direction. The most prominent
advantage of the LOC laser is its thicker waveguide. It can not
only reduce the power density so that the optical mirror is not
easily damaged, but also make the external cavity beam easier be
fed back to improve the SBC efficiency and make the SBC effi-
ciency as unaffected as possible when the focal length of the
transform lens changes.
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Fig. 3. Schematic diagram of the SBC setup. (a) Top view; (b) side view.
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