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Abstract: Improving the output power and efficiency of broad-area diode lasers is a prerequisite
for the further development of fiber lasers, solid-state laser industries, and direct semiconductor
laser applications. At present, the large amount of Joule heat generated by large drive currents and
limited wall-plug efficiency presents the largest challenge for improving these lasers. In this paper, a
multi-junction cascade laser with low Joule heat generation is demonstrated, showing large power
and conversion efficiency. We fabricated devices with different junction numbers and compared
their output power. We present double-junction lasers emitting at ~915 nm with an emitter width of
500 um, delivering 132.5 W continuous wave output power at 70 A, which is the highest power
reported so far for any single-emitter laser. The power conversion efficiencies are 66.7% and 60%, at
100 W and 132 W, respectively.
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1. Introduction

High-power broad-area laser diodes (HP-BALs) have emerged as primary pump
sources for fiber and solid-state laser systems for diverse industrial applications, owing to
their large power conversion efficiency (PCE), reliability, and cost-effectiveness [1-17]. In
the dynamic landscape of fiber lasers and solid-state lasers, there is an increasing demand
for such lasers, capable of delivering even larger output power and PCE.

In the last 20 years, breakthroughs in terms of both power and efficiency have been
reported [7-13]. In 2008, Petrescu-Prahova et al. demonstrated BALs with 100 pum emitter
width, operating at room temperature, and achieving an output power of 25.3 W from both
facets [14]. Subsequently, in 2017, V. Gapontsev et al. reported a BAL with output power
exceeding 30 W [15]. In 2022, Yuxian Liu et al. advanced the output power, ultimately
reaching 48 W [16]. In 2023, we presented BALs with a width of 230 um, operating at room
temperature, delivering an impressive 51 W output power [17]. The significant progress
presented hitherto in this paper have been confirmed to be based on more detailed analyses
than the sources of power and efficiency limitations.

With an increasing drive current, all lasers first show a saturation and then a reduction
in quantum efficiency. The Joule heat, generated upon increasing injection currents, raises
the temperature of the active area, broadens the gain, and decreases the peak gain, thus
limiting the output power. Our approach involves stacking multiple epitaxial layers using
tunneling junction technology developed by us, which eventually lead to an enormous
shift of the present limits [18]. In comparison to traditional devices, multi-junction devices
can achieve larger output power at lower current levels and reduced Joule heat. Presently,
tunnel junction technology has already achieved breakthroughs and found wide-spread
application in short-pulse Vertical Cavity Surface Emission Lasers (VCSELs) and Light
Detection and Ranging (LiDAR) systems [19-23]. Applications of tunnel junctions for
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continuous-wave (CW) operation lasers have been limited so far due to challenges such as
thermal accumulation, difficulties in the control of the lateral optical field, multi-junction
failure, and difficulties in coupling into optical fibers. Recent reports on tunnel junction
cascade technology in the context of CW operation lasers have been relatively scarce.

In this paper, we present a comprehensive analysis of double-junction GaAs-based
broad-area diode lasers (double-junction BALs), specifically highlighting their capability
to achieve room temperature CW ultra-high laser output power, at unprecedented levels.
An electro-optical simulation and design study of double-junction BALs is conducted. The
simulations reveal that at room temperature, double-junction BALs result in reduced Joule
heat generation at equivalent output power levels. The thermal simulation results show that
the double-junction structure does not significantly affect the heat dissipation in the device.
Concurrently, we fabricated high-power BALs, incorporating varying junctions based on
a single-junction device with low internal loss and thermal stability, and meticulously
compared their output characteristics. Experimental results demonstrate that double-
junction high-power BALs emit a record CW output power of up to 132.5 W at room
temperature. Moreover, the corresponding power conversion efficiency still maintains 60%,
with a peak efficiency near 70%. The optical power density at the output mirror of these
BALs is 50% compared to single-junction BALSs, significantly enhancing device reliability.

2. Simulation and Design

In Figure 1a, we illustrate the epitaxially stacked double-junction structure, consisting
of two laser heterostructures connected by a GaAs tunnel junction (TJ) [22]. The main
layer structure of the double junctions, including the active region, waveguide layer, and
cladding layer, is identical. The main layer structure of the double junctions comprises an
asymmetric large optical cavity structure, consisting of a single InGaAs/AlGaAs quantum
well sandwiched in a AlGaAs waveguide, an n-type AlGaAs cladding, and a p-type AlGaAs
cladding. To clearly illustrate the structure details, Figure 1b depicts the refractive index
profile, along with the fundamental mode profile of the single-junction BAL in the vertical
direction, as calculated in the following section. The emitter width is 500 pm, and the cavity
length is 5.6 mm, respectively. The facet reflectivity is 1.5% and 99% for the front and rear
facets, respectively. Our simulations are built using Crosslight software with a 1D carrier
and optical model, excluding thermal effects. The simulation model is calibrated using
experimental data from single-junction BALs at room temperature. We calculate the L-I-V
characteristics, output power, conversion efficiency, and temperature dependence of single-
and double-junction laser structures. It is important to note that for the simulations, we
assumed constant internal quantum efficiency. The simulation results are shown in Figure 2.
Figure 2a shows that the output power increases as the number of junctions increases if
the emitter width is kept constant. Assuming adequate heat sink capacity, the injection
current producing 132 W output power decreases from 130.2 A of a single-junction BAL to
60.8 A of a double-junction BAL. The effect of junction number on BALs’ heat dissipation
was evaluated by solving the steady-state heat conduction equation using the finite ele-
ments method. Figure 2d shows that with the increase in thermal power, the temperature
in the active regions gradually increases. Since the double junctions are vertically cascaded
in the epitaxial layer, each junction will have a different temperature due to its different
distances from the heat sink. The active region farthest away from the heat sink has the
highest temperature.

We fabricated single-junction and double-junction BALs. Double heterostructures
were grown on n-type 6” GaAs substrates by metalorganic chemical vapor deposition
(MOCVD) using an asymmetric large optical cavity structure. Each active region com-
prises a single compressively strained InGaAs/AlGaAs quantum well (QW) optimized
for efficient emission at a wavelength near 915 nm. Following epitaxial growth, a 500 pm
wide mesa was patterned using conventional lithography and wet etching. Subsequently,
the contact window of the SiO, insulation layer was opened, and the p-metal contact
was deposited. The substrate was then thinned, followed by N-metallization. Ultimately,



Photonics 2024, 11, 258

3of7

single-emitter laser chips with a cavity length of 5.6 mm were cleaved. The front and
back facets were passivated and coated with anti-reflective (AR) and high-reflective (HR)
coatings, respectively. The chips were bonded p-side down on a diamond substrate using
indium solder.
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Figure 1. (a) Schematic diagram of the 2-junction BAL structure, including substrate, cladding layer,
waveguide layer, cap, quantum well (QW), and tunnel junction (T]). (b) Profiles of refractive index
and calculated intensity of the fundamental vertical mode of single-junction BAL.
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Figure 2. Numerical simulation of the output characteristics of the BAL with a single and a double
junction. (a) With the increase in the number of junctions, the drive current required decreases
linearly for the same output power. (b) As the number of junctions increases, the opening voltage of
the BAL also increases linearly. (c) The PCE peak moves slightly to higher power with the increase
in the number of junctions. For larger power, the double-junction device has an increased PCE.
(d) Temperature of the active region versus thermal power for BAL for different junction numbers.

3. Results and Discussion

Figure 3 shows cross-section scanning electron microscopy (SEM) images of single-
junction and double-junction BALs prepared by focused ion beam (FIB) etching. The L-I-V
results of BALs with varying junction numbers are depicted in Figure 4a,b. It is evident
that, with increasing current, the output power increases almost linearly, and no thermal
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roll-over is observed within the present current range. As illustrated in Figure 4a, the
threshold of the single-junction BAL was 3.5 A, while that of the double-junction BAL was
3.4 A, showing little difference. The slope efficiency and threshold voltage of the BAL
increased proportionally with the number of p—n junctions. The slope efficiency of the
double-junction BAL reached 2.30 W/ A and the threshold voltage exceeded 2.6 V. The large
threshold voltage and lower current for identical output power are very advantageous
since lower current implies reduced Joule heating. Consequently, at large current injections
(threshold current proportion becomes quite small and the effect on optical power can be
neglected), the Joule heating of the double-junction device can be reduced to 50%, resulting
in larger output power. Figure 4a shows that for a specified power of 81 W, the max output
power of a single-junction LD is achieved, and the Joule heat created for single-junction
and double-junction devices is 47.9 W and 36.2 W, respectively, corresponding to 37% and
31.4% of the injected power. Concurrently, the optical power density of the double-junction
device is merely 0.081 W/ um, half that of the single-junction device, thereby significantly
improving the reliability of the device. Notably, the peak power of the double-junction BAL
exceeds 132.5 W at a current of 70 A, for a heat sink temperature maintained at 25 °C. To
the best of the authors’ knowledge, this is the largest output power value for single-emitter
BALs so far. Figure 4b illustrates that for increasing the number of junctions, the double-
junction device exhibits higher PCE for larger output power, particularly away from the
threshold, being 66.7% and 60% at 100 W and 132 W, respectively, although the peak PCE
decreased slightly from 71.8% to 69.3%.

Figure 3. Cross-section SEM image of the (a) single-junction BAL and (b) double-junction BAL.
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Figure 4. (a) L-I-V results of BALs with different junction numbers. The output power of the double-
junction BAL exceeds 132.5 W at a current of 70 A and a heat sink temperature of 25 °C. black line:
power; blue line: conversion efficiency; red line: voltage (b) PCE versus output power for BALs with
different junction numbers.

The temperature characteristics of the device were assessed using the spectral drift
method [24], employing a spectral drift coefficient of 0.32 nm /K. In Figure 5a, the tempera-
tures of single- and double-junction devices are presented as a function of output power.
For output power below 48 W, the single-junction device exhibits a lower temperature.
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However, as the output power increases, the temperature rises rapidly. In contrast, the
double-junction device is advantageous at larger currents, in agreement with our simula-
tions. For an output power of 132.5 W for the single-junction device, the device temperature
is 89 °C, which is 30 °C higher than that of the double-junction device. Larger junction
temperatures lead to reduced internal quantum efficiency and increased internal losses.
Consequently, optical power gradually saturates, as indicated by the L-I curve presented in
Figure 4a. Figure 5b shows the emission spectra of the double-junction BAL as a function
of injection current, revealing a notable broadening of the spectra, particularly evident at
injection currents of 60 A and 70 A. This observation is attributed to the different distances
of the two QWSs from the heat sink, resulting in a marginally higher temperature of QW-2
compared to QW-1, and a broadening of the Fermi distribution of the carriers in the QWs.
Spectral analysis revealed a 1.35 nm difference in peak wavelength between the two active
regions at 70 A current, corresponding to a temperature difference of approximately 4.2 °C,
consistent with our simulations. The spectrum broadening can be suppressed by a blue
shift of the gain peak in epitaxy process.
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Figure 5. (a) Output temperature vs. output power of BALs with different junction numbers. The
double-junction device has a lower temperature than the single-junction device. (b) Emission spectra
of double-junction BAL at different driving currents.

Figure 6a shows the near-field profile of the double-junction BAL, as obtained through
the slit-scan method at a 61 A injection current. The near-field profile appears uniformly
spread, with a width of approximately 491.5 um, encompassing 95% of the power. The near-
field CCD image and the optical microscope photograph of the cavity facet demonstrate
that the near-field width is almost identical to the current injection width. Although there is
a subtle expansion of the current in QW-2, it does not extend to the edge of the groove. This
observation proves that the current spread resulting from the tunnel junction is negligible.
In Figure 6b, the lateral and transverse far-field profiles under the 61 A injection current
are depicted. The lateral far-field divergence angle, encompassing 95% of the power, is
approximately 12.4°, while the transverse far-field divergence angle is around 51°.
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Figure 6. (a) Near—field CCD image and lateral intensity profile at 62 A, as well as microscope image
of the emitting facet. (b) Lateral far-field profile and transverse far-field profile of 62 A.
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4. Conclusions

We compared the output characteristics of single- and double-junction BALs. Sim-
ulations indicate that double-junction BALs exhibit lower injection currents, resulting in
reduced Joule heat generation at equivalent output power levels at room temperature.
Consequently, multi-junction BALs offer a novel approach to increase the power output
of BALs. To validate this assertion, we fabricated BALs as simulated and conducted a
comprehensive analysis of their output characteristics. Encouragingly, our data reveal
that the double-junction BAL achieves an optical power output of 132.5 W at a heat sink
temperature of 25 °C under CW conditions. The power conversion efficiency is 66.7% and
60% at 100 W and 132 W, respectively. The optical power density is only half of that of
single-junction BALs, markedly enhancing the reliability of double-junction BALs. To the
best of our knowledge, our results represent the largest ever reported single-emitting CW
power in the field of semiconductor lasers.
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