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Abstract:
Optimized model for quantum cascade semiconductor 
ring lasers is reported. Using OptiBPM computer 
program, light propagation in the straight section of 
a ring laser is simulated. The optimal structure must 
support the fundamental mode of the light and confine 
the propagating light both laterally and vertically. The 
optimal design depends on the etching depth, ridge 
waveguide width, and separation between the ridge 
waveguide couplers. The etch depth is kept constant 
at 1.295 µm and the optimal coupling is observed with 
ridge width of 7 µm and 16 µm separation between 
the centers of the ridges.

Introduction:

Previous research on optoelectronic integrated 
circuits (OEIC) was based on quantum well (QW) 
and quantum dot (QD) semiconductor ring lasers [1]. 
OEIC based on semiconductor ring lasers are studied as 
potential monolithic ring laser gyros or rotation sensors. 
These devices are more durable compare to traditional 
gyroscopes because they have no moving parts.

Current research is being conducted on quantum 
cascade (QC) semiconductor ring lasers. Quantum cascade 
semiconductor lasers are unipolar semiconductor devices 
that emit mid-infrared light. They are advantageous in 
that they use less energy and the wavelength of the light 
can be easily tuned, and has a longer wavelength.

Purpose:

The purpose was to design mid-infrared ridge-
waveguide directional couplers to be used as part of 
optoelectronic integrated circuits (OEIC) based on 
quantum cascade semiconductor ring lasers. A successful 
design was when the height and width of a single ridge 
are optimized to support the fundamental mode in the 
transverse and lateral direction. Figure 1 shows the height 
of the layers and the refractive indices of the quantum 
cascade structure.
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In the real device directional couplers are adjacent 
to the straight section part of the ring laser. The energy 
coupled into the directional couplers indicates how the 
light is propagating in the laser. For the ring laser to 
function properly, less than 10% of the energy can be 
coupled into the directional coupler. The straight section 
part of the ring laser is 2 mm and 4 mm. The simulation 
of the couplers shows the coupling length, which is the 
distance it takes the energy to transfer from the ring laser 
to the directional coupler.

Experiment:

OptiBPM Designer was used to define the ridge-
waveguide structure. In the program the appropriate size 
of the wafer and the material it consisted of was defined. 
Then the refractive indices of the layers of cladding, 
substrate, active region, and channels (ridges) were 
defined. The input plane, which dictates at what position 
the light starts propagating, was inserted. Another part 
of the program, Mode Solver, gives the number of 
modes in the system. Modes Solver was used to see if 
the mode was confined in the structure. The simulation 
parameters defined variables such as the wavelength of 
the light, the number of points in the mesh (resolution 
of the simulation), and the number of points displayed 
at the end of the simulation.

Figure 1: 
Layers of quantum 
cascade structure.
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The etching depth of the structure was kept constant 
at 1.295 µm, which meant there was 0.2 µm of cladding 
above the active region. The ridge-waveguide structures 
optimized for QW and QD laser structures did not confine 
the mode well laterally for the new QC laser structure 
because of the longer wavelength (3.6 µm) of the light in 
the QC structure. At 1.295 µm etching, the ridge width 
was increased by increments of 1 mm from 5 µm to  
10 µm. Then for each structure, the Mode Solver found 
the modes the structure supported. The results were used 
to determine the ridge parameters that would be the best 
to design the directional couplers. Once the directional 
couplers were designed the OptiBPM Simulator was used 
to determine the coupling length.

Results/ Conclusion:

The ridge width that best confined the fundamental 
mode was 7 µm. The ridges of 8 µm width and above 
showed that the second order mode became well confined 
under the ridge (Figure 2). The OptiBPM Simulator was 
used for 10 mm of propagation length with 7 µm ridge 

width and 16 µm separation between the centers of the 
ridges (Figure 3 and 4). As stated before, the QC ring 
lasers were designed with a straight section of 2 mm 
and 4 mm long. As the results of the simulation show, at 
2 mm and 4 mm of the propagation distance, 2.5% and 
10.3% of the energy was coupled respectively. Thus, 
this simulation showed the optimal coupling for 2-mm 
long straight section of the coupler. The coupling for the  
4-mm long coupler can still be optimized by increasing 
the separation between the adjacent ridge waveguides.

Future Work:

Produce the masks needed for QC semiconductor ring 
laser fabrication. Fabricate the OEIC based on QC ring 
laser and test it to see if it is optimized for operation in 
mid-IR spectral range.

Acknowledgements:

Thanks to Professor Marek Osinski, Gennady 
Smolyakov, National Nanotechnology Infrastructure 
Network Research Experience for Undergraduates 
Program, National Science Foundation, Department of 
Defense, University of New Mexico, and The Center of 
High Technology Materials.

References:
[1] Hongjun Cao; Chiyu Liu; Hai Ling; Hui Deng; Benavidez, M.; 

Smagley, V.A.; Caldwell, R.B.; Peake, G.M.; Smolyakov, G.A.; 
Eliseev, P.G.; Osinski, M. In Applied Physics Letters, 24 Jan. 
2005, vol.86, no.4, pp. 41101-1-3 : AIP, Journal Paper. (AN: 
8275012).

[2] Hongjun Cao; Hai Ling; Chiyu Liu; Hui Deng; Benavidez, M.; 
Smagley, V.A.; Caldwell, R.B.; Peake, G.M.; Smolyakov, G.A.; 
Eliseev, P.G.; Osinski, M. In IEEE Photonics Technology Letters, 
Feb. 2005, vol.17, no.2, pp. 282-4 : IEEE, Journal Paper. (AN: 
8269905).

Figure 2: Second order mode with quantum cascade structures 
with 1.295 µm etching, but different ridge widths.

Figure 3: Energy coupling in the active region  
of two ridge waveguide couplers.

Figure 4: OptiBPM 3D Isotropic Simulator. Simulation of 10 mm 
of the 1.295 µm etching, 7 µm ridge width, 16 µm gap between.




