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Abstract: In the process of power scaling large-area Quantum Cascade Lasers (QCLs) , challenges such as
degradation of beam quality and emission of multilobed far-field modes are frequently encountered. These issues
become particularly pronounced with an increase in ridge width, resulting in multimode problems. To tackle this,
an innovative multi ridge waveguide structure based on the principle of supersymmetry (SUSY) was proposed.
This structure comprises a wider main waveguide in the center and two narrower auxiliary waveguides on either
side. The high-order modes of the main waveguide are coupled with the modes of the auxiliary waveguides
through mode-matching design, and the optical loss of the auxiliary waveguides suppresses these modes, thereby
achieving fundamental mode lasing of the wider main waveguide. This paper employs the finite difference
eigenmode (FDE) method to perform detailed structural modeling and simulation optimization of the 4. 6 pm
wavelength quantum cascade laser, successfully achieving a single transverse mode QCL with a ridge width of 10 pm.
In comparison to the traditional single-mode QCL (with a ridge width of about 5 wm) , the MRW structure has the
potential to increase the gain area of the laser by 100%. This offers a novel design concept and methodology for
enhancing the single-mode luminous power of mid-infrared quantum cascade lasers, which is of considerable
significance.
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Introduction

High-power quantum cascade lasers are widely em-
ployed in fields such as directional infrared countermea-
sures, long-distance detection of hazardous chemicals,
infrared laser guidance, and long-distance free-space op-
tical communication ", To maintain the single spatial
mode operation of Mid Wave Infrared (MWIR) QCL, a
Ridge Waveguide (RW) structure is typically adopted,
which suppresses high-order modes by reducing the ridge
width™. However, the narrow ridge width reduces the
gain area of the laser while suppressing high-order
modes, greatly limiting the maximum output power of the
device. Consequently, to solve this problem, additional
structures need to be introduced into the device to ensure
that the active area is increased while avoiding the occur-
rence of high-order modes'®’. Existing methods for imple-
menting transverse mode filtering include oblique-angle
resonators”, oscillating power amplifiers*’, and photon-
ic crystal resonators in surface-emitting lasers*'" , and
0 on.

In recent years, a new Parity-Time (PT) symmetric
design method has been established, which utilizes the
concept of selective breaking of parity-time symmetry™”.
This method can help lasers achieve better mode control
and thus achieve single-mode lasing in transverse multi-
mode micro-rings''". To further increase power, the prin-
ciple of supersymmetry (SUSY) has also been introduced
into the design of coupled laser arrays"*'*. These de-
signs have shown great application prospects in micro-
ring resonator arrays and strip waveguide arrays'*’. This
paper designs a mid-infrared quantum cascade laser with
a MRW structure based on the SUSY principle for the
first time, aiming to achieve high-power single transverse
mode output of MWIR-QCL. This work serves as a valu-
able reference for the structural optimization and perfor-
mance enhancement of high-power mid-infrared quantum
cascade lasers.

1 Principle

Based on the idea of supersymmetry and PT symme-
try, this paper adds additional optical structure to tradi-
tional ridge waveguide laser to suppress the higher-order
modes while increasing the ridge width. The design prin-
ciple is as follows. The core idea of the unbroken SUSY
optical architecture is to construct a superpaired system
of a known optical system'*"”", by localizing the funda-
mental mode in the original waveguide (array) and cou-
pling the remaining high-order modes to the super-paired
waveguide. In optical systems, PT symmetry mandates
that the complex refractive index distribution fulfills
n(x)=n"(-x)"", indicating that the refractive index is
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even symmetric, while the distribution of gain and loss
should be odd symmetric. However, the distribution of
gain and loss is usually not strictly odd in practical devic-
es. But as long as the distribution is asymmetric, quasi-
PT symmetry can still be achieved . Specifically, artifi-
cially introducing loss in the superpaired waveguide is
used to magnify the laser gain threshold difference be-
tween the fundamental mode and the higher-order
modes, thereby achieving fundamental mode output. Ac-
cording to the coupled-mode theory, the coupling
strength between modes is determined by the coupling co-
efficient, phase mismatch (the difference in the real part
of the propagation constant Real {81 ) , and the difference
in gain and loss. The effective coupling will split the cou-
pled mode into symmetric and antisymmetric supermode
pairs ™.

The cross-section of the MRW structure proposed in
this study is shown in Figure 1 (a). This structure in-
cludes a main waveguide in the middle position and a
pair of auxiliary waveguides with losses on both sides. As
shown in the figure, the widths of the three ridge wave-
guides are described as W, (left waveguide width) , W,
(main waveguide width) , and W, (right waveguide
width) , respectively. The two trench widths W, between
the three ridges are set to be equal. The role of the auxil-
iary waveguides on both sides (superpaired waveguide
system) is to realize the unbroken SUSY architecture,
that is, through the MRW structure design, its mode
propagation constants 3 match the propagation constants
of the relevant modes in the main waveguide except the
fundamental mode, and other modes in the main wave-
guide except the fundamental mode will be split into su-
permode pairs through coupling. The design principles of
each waveguide is shown in Figure 1(b) ", In this de-
sign, the widened main waveguide allows support for
high-order modes, while the auxiliary waveguide is de-
signed to both support coupling with the high-order
modes of the main waveguide (select TM1 of the main
waveguide to couple with TMO of the left waveguide, and
TM2 couples with TM1 of the right waveguide) , and can
also filter out unnecessary high-order modes by introduc-
ing additional optical losses. The additional optical loss
imposed in the auxiliary waveguide results in greater opti-
cal losses for high-order supermodes, thereby increasing
their lasing thresholds. At the same time, the fundamen-
tal mode will maintain the lowest lasing threshold without
being affected, thereby becoming the laser mode in mode
competition””, ensuring that the device has a larger fun-
damental mode lasing area and higher output power than
traditional RW MWIR-QCL.

This study uses the MODE solver in Lumerical to
perform mode analysis on the device under study, and by
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Fig. 1  Schematic structure of the MRW device structure and

principle: (a) Cross—section of the MRW; (b) Design principle of
mode coupling

K1 MRW e R4 A R RE A - (a) SRR ; (b) 294
S5 A USRS B

setting the imaginary part n, of the complex refractive in-
dex n =n, + in; to impose additional losses. According
to n, = —aA/4m (a is positive for gain, « is negative for
loss) , n,is calculated based on the material composition.
To enhance mode selection, it is assumed that a uniform
loss of 20 c¢m™ is applied in the superpaired auxiliary
waveguide. The longitudinal material structure and re-
fractive index parameters of this device have been report-
ed detailedly in our previous research'® , and the work-
ing wavelength is 4. 6 pwm. Concurrently, the transverse
magnetic mode (TM) polarization is dominant in QCL,
and only the TM mode is analyzed in the simulation.
Compared with the SUSY laser array, the MRW structure
proposed in this paper is simpler in design and practice.
Furthermore, the strategy proposed in this study has no
specific requirements for the epitaxial structure, is com-
patible with the manufacturing technology of traditional
RW MWIR-QCL, and is more likely to achieve large-
scale and low-cost production. Next, the specific struc-
tural design will be discussed to explain the basic mecha-
nisms and design points.

2 Results and discussions

A simulation was conducted to determine the width
of each waveguide based on the relationship between the
ridge width and the propagation constant of a single ridge

waveguide, and the results are shown in Figure 2. Based
on the coupled-mode theory, the coupling of laser modes
in the resonator is closely related to the real part of the
propagation constant. When the width of the main wave-
guide is fixed at 10 wm, it can be seen that it supports
three modes: TMO, TM1, and TM2. According to the
mode coupling principle in Figure 1(b) , the narrower
waveguide widths that match the propagation constants of
main waveguide TM1 and TM2 can be found. These
widths are subsequently used as the structural parameters
of the auxiliary waveguides. As shown in Figure 2, the
width of the left auxiliary waveguide corresponding to
TM1 (W, = 4.9 um) has been determined, while the
right auxiliary waveguide corresponding to TM2 has two
widths sum W, and W;. Tt can be seen that the wave-
guide width corresponding to Wy is pretty narrow. Con-
sidering the fabrication technology limitations, the right
auxiliary waveguide width has been selected to be the
wider one, namely 6.5 pm. Since other structural pa-
rameters have not yet been determined, the width of the
auxiliary waveguide at this time is a rough initial value,
and more accurate widths of the auxiliary waveguides will
be selected next.
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Fig. 2 The propagation constant real part of TM modes in QCL
as a function of ridge width
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ALoss] is the mode loss difference between the fun-
damental mode with the lowest loss and the high-order
mode with the second lowest loss in the existing modes of
the main waveguide. The larger this value, the stronger
the mode recognition ability and the better the selectivity
for the fundamental mode. ALoss2 is the mode loss dif-
ference between TM1 of the main waveguide and TMO of
the left auxiliary waveguide. It represents the coupling ef-
ficiency of the first-order mode of the main waveguide
and the fundamental mode of the left auxiliary wave-
guide. The smaller this value, the greater the mode over-
lap and the higher the coupling efficiency. Similarly,
ALoss3 is the mode loss difference between TM2 of the

main waveguide and TM1 of the right auxiliary wave-
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guide. It represents the coupling efficiency of the second-
order mode of the main waveguide and the first-order
mode of the right auxiliary waveguide. At the same time,
considering that when the trench depth is shallow, the la-
ser may exhibit the characteristics of a super wide single
ridge laser (more than 20 wm) , a reasonable trench
depth needs to be considered. According to the design
principle in Figure 1(b), there should only be 6 trans-
verse magnetic modes in this MRW QCL. Firstly, the
width of the main waveguide was fixed at 10 pm, as illus-
trated in Figure 2, with a selected W, of 4.9 pm and W,
of 6.5 pwm. The relationship between the number of
modes that can exist in the laser and the etching depth
(D,) was then scanned. The outcome is illustrated in
Figure 3, which demonstrates that upon reaching a depth
of 4.6 pm, it was observed that the laser exhibited only
six distinct transverse modes.
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Fig. 3 The number of modes in the laser at different trench etch-
ing depthes (The geometric parameters are W, = 10 um, W, =
4.9 um, W, = 6.5 um, respectively. )
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To achieve fundamental mode lasing, the selection
principle of MRW structural parameters is to ensure that
the fundamental mode selectivity in the main waveguide
is the strongest while the coupling efficiencies of high-or-
der modes are the highest, that is, the fundamental mode
is constrained in the main waveguide, and the energy of
high-order modes is mainly concentrated in the lossy aux-
iliary waveguide. Figure 4 shows the effect of ridge width
on coupling results. For the left auxiliary waveguide,
AlLoss1 should be the largest, and AlLoss2 should be the
smallest. Similarly, for the width of the right auxiliary
waveguide, the same principle should be followed, that
is, ALossl should be the largest, and AlLoss3 should be
the smallest. According to the scanning results, it is fi-
nally selected that the optimal matching widths of the left
auxiliary waveguide and the right auxiliary waveguide are
4.4 pm and 6. 1 wm, respectively.
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Fig. 4 Effect of the ridge width on the coupling results: (a) Loss
margin of modes as a function of the left ridge width; (b) Loss mar-
gin of modes as a function of the left ridge width
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Figure 5 (a) shows the impact of trench etching
depth D, on the structure. It can be seen that the low-or-
der supermodes are robust to the etching depth, while
the high-order supermodes are highly dependent on the
etching depth. For the selection of structural parame-
ters, in addition to the above principles, the feasibility of
the process must also be taken into account. Considering
the scanning results in Figure 5(a), D, =5 wm is select-
ed. In the simulation process, it was found that the side-
wall etching depth Dy also has an important impact on the
MRW structure, as shown in Figure 5(b). The sidewalls
of conventional RW QCLs are typically etched to the
junction of the core layer and the lower cladding layer,
with a depth of approximately 5 wm. This paper selects 5
pm as the starting point for sidewall etching and finally
determines the optimal D, is 5.7 pm. In addition, the
etching width has an extremely important impact on the
coupling efficiency. If the etching width is too wide, it
will form a discrete laser array, which can prevent the la-
ser's transverse mode from coupling through the MRW
structure. On the other hand, if the width is too narrow,
it can create excessive strain during the etching process,
making it difficult to fabricate the device. Figure 5 (c)
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shows the role of trench width W,. It can be observed
that as the etching width increases, Alossl decreases
while ALoss2 increases, which indicates that the loss of
the TM1 mode of the main waveguide decreases, that is,
the high-order modes do not couple with the modes exist-
ing in the auxiliary waveguides, then the mode loss dif-
ference between TM1 and TMO of the main waveguide de-
creases, and at the same time, the mode loss difference
between TM1 of the main waveguide and TMO of the left
auxiliary waveguide increases, manifesting as a signifi-
cant decrease in the mode selectivity of the laser and a
significant decrease in coupling efficiency, which is con-
sistent with the expected conjecture. Given the feasibili-
ty of the etching process, a W, of 1.5 wm can be select-
ed. And now the aspect ratio of trenches is 5/1.5, it’s
still hard in manufacturing, therefore we used InP doped
Fe to fill the trench and replace the up-cladding layers
InP above the auxiliary waveguides whose total thickness
is 3 wm. Because InP doped Fe and the up-cladding lay-
er InP have the same refractive index parameter, there-
fore the simulation results are the same as before. So the
real D, is 2 pum(the red mark on the right side of Figure 1
(a) shows the Real D,) In the meantime, the aspect ratio
of the trenches has been reduced to 2/1.5 which will
greatly reduce the difficulty of manufacturing.

After two modes are coupled, they split into pairs of
supermodes, resulting in a significant change in the dis-
tribution of field strength (energy) compared to the un-
coupled modes. Using the optimized structural parame-
ters mentioned earlier, the energy distribution of the
modes before and after coupling is calculated. Figures 6
to 8 display the changes in the modes of the main wave-
guide before and after coupling. Figures (a) and (b)
show the mode distributions of the independent single-
ridge structure laser with their ridge widths correspond-
ing to the ridge widths of the main waveguide and auxilia-
ry waveguide in the MRW structure respectively (10/6. 1/
4.4 pm) ; ¢ and d correspond to the mode distribution of
the MRW laser, with the corresponding structural param-
eters being W, = 10 pm, W, = 4.4 pm, W, =6.1 pum,
D;=5 pm, and D, =5.7 wm, respectively.

Figure 7 (a) shows the uncoupled mode TM1 of the
10 pm single ridge laser. According to the design princi-
ple in Figure 1(b), the fundamental mode of the left aux-
iliary waveguide (with a ridge width of 4.4 pm, shown
in Figure 7(b) ) matches it. After coupling in the MRW,
these two matching modes split into a supermode pair, as
shown in Figures 7(¢) and 7(d). Numerical simulation
results indicate that the energy ratio of the core area of
the 10 wm single ridge laser is 0. 78 before coupling,
while the energy ratio of the core area of the main wave-
guide in the MRW after coupling is 0. 31 (Figure 7(c¢))
and 0. 33 (Figure 7(d)).

Figure 8 (a) shows the uncoupled mode TM2 of the
10 pm single ridge laser. As per the design principle il-
lustrated in Figure 1 (b) , the high-order mode of the
right auxiliary waveguide (with a ridge width of 6. 1 pum,
shown in Figure 8 (b)) matches it. Similarly, these two
matching modes split into a supermode pair after cou-
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Fig. 5 Effect of different parameters on loss margin of modes in
MRW structure: (a) Loss margin of modes as a function of trench
etch depth; (b) Loss margin of modes as a function of etch side
depth; (c¢) Loss margin of modes as a function of trench etch depth
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pling in the MRW, as shown in Figures 8(c) and 8(d).
Based on numerical simulation results, the energy ratio
of the core area of the 10 wm single ridge laser is 0. 77
before coupling, and the energy ratio of the core area of
the main waveguide in the MRW structure after coupling
is 0. 34 (Figure 8(c)) and 0. 36 (Figure 8(d)). It is ev-
ident that, in the main waveguide, all high-order modes,
except for the fundamental mode, are coupled. Further-
more, the energy of the high-order modes in the main
waveguide is concentrated in the auxiliary waveguide, in-
dicating that MRW has a strong ability to filter out high-
order modes.

Figure 9 illustrates the correlation between the real
part of the effective refractive index and the loss of modes

in both the MRW laser and the traditional 10 pum wide
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Fig. 6 Field strength distribution of the fundamental modes in
the laser: (a) Field strength component of the fundamental mode
supported by the 10 wm independent single ridge laser; (b) Field
strength component of the fundamental mode supported by the 6.1
pwm independent single ridge laser; (c) Field strength component
of the fundamental mode in the main waveguide of MRW laser;
(d) Field strength component of the fundamental mode in right
auxiliary waveguide of MRW laser
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Fig. 7 Field strength distribution of high-order mode in the la-
ser: (a) Field strength component of 1st order mode supported by
the 10 wm independent single ridge laser; (b) Field strength com-
ponent of the fundamental mode supported by the 4.4 pm indepen-
dent single ridge laser; (c) Field strength component of the first
order supermode in main waveguide of MRW laser; (d) Field
strength component of first order supermode in the left auxiliary
waveguide of MRW laser
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Zhm
Zlum

2 -16 -12 -8 -4 0
Xpm Xiym

(c) (d)
Fig. 8 Field strength distribution of high-order mode in the la-
ser: (a) Field strength component of 2nd order mode supported by
the 10 wm independent single ridge laser; (b) Field strength com-
ponent of 1st order mode supported by the 6.1 pm independent
single ridge laser; (c) Field strength component of the second or-
der supermode in the main waveguide of MRW laser; (d) Field
strength component of second order supermode in the right auxilia-
ry waveguide of MRW laser
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modes represents the mode distinction of the laser. The
traditional RW laser has a very small mode loss differ-
ence of approximately 0. 11 ¢em”, indicating a low ability
to distinguish between modes. This can result in all three
modes reaching the threshold simultaneously, leading to
multi-mode lasing, mode competition, hopping, and a
decrease in beam quality. In contrast, the MRW struc-
ture utilizes super-paired auxiliary waveguides to couple
and split all modes in the main waveguide, except for the
fundamental mode, into high-loss supermodes. By intro-
ducing additional losses to filter out high-order modes, a
stable single-mode laser can be achieved. The mode dis-
crimination in MRW is significantly higher reaching 3.9
-1
cm’.

3 Conclusions
In this study, a new wide-ridge MRW MWIR-QCL

waveguide structure was designed based on the unbroken
SUSY principle. The structure comprises a primary wave-
guide situated in the center, accompanied by a pair of
lossy auxiliary waveguides on either side, and the side-
wall etching depth in this structure is about 0. 7 wm deep-
er than the trench depth. By coupling the high-order
modes of the main waveguide with the modes of the auxil-
iary waveguide, the lasing thresholds of the main wave-
guide high-order modes were raised, achieving the funda-
mental mode lasing of the device. Compared with array
structures or taper waveguide structures, this structure is
relatively simple and straightforward to fabricate. Addi-
tionally, compared with the conventional 5 pm wide sin-
gle ridge waveguide MWIR-QCL, this design realizes a



458 AN/ RS9 S g o 44 %

2F © MRWQCL
< Single RW QCL
- 0 < < 40—
g
2
g —2F Ag=3.889 cm™!
=)
I e — SR
=
Z—6f
-8t o

3.100 3.11 3.12 3.13 3.14 3.15 3.16 3.17
Real {neff}
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single-mode waveguide structure with a 10 pm ridge
width, thereby increasing the active area by 100%,
which is of great significance for achieving high power
and single transverse mode output of QCL. In future re-
search, we will further consider thermal effects and heat
dissipation structure design, study the impact of trench
filling on heat dissipation, and strive to achieve wide
ridge QCL single-mode output of high-power continuous
mode.
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