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Abstract—The heterogeneous integration of III-V lasers onto 

silicon and other host substrates eliminates the requirement of 

cleaved facets if evanescent coupling is used. This enables more 

precise laser designs than previously possible. For example, a 

small number of reflective elements can be used in a laser cavity 

to provide an optimized resonator for single mode operation. 

Since every resonance in the cavity must support the desired 

lasing wavelength, the full resonator optimization problem is 

transformed into a finite set, where every potential location of 

the reflecting elements can be simulated.  
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I. INTRODUCTION  

Discrete, or single mode lasers provide a foundational 
component for mode optical communications and have been a 
topic of considerable investment. The adoption of monolithic 
integration for photonic integrated circuits (PICs) [1-2] has 
eliminated the requirement for cleaved facets in lasers, but in 
the absence of the facet reflection, also introduced the 
requirement of mirrors integrated in the laser structure. A 
quarter wave shifted DFB structure [3], and more complex 
variants are seemingly ideal, since the resonator is now 
defined by two (or more) Bragg reflectors. This approach has 
also be successfully used in silicon photonics, where a grating 
is written into the silicon beneath a III-V based gain block or 
semiconductor optical amplifier (SOA) [4].  

Lasers based on Bragg gratings describe the majority of 
single mode lasers, whether discrete lasers or lasers used in 
PICs. The sub-wavelength design of such gratings requires e-
beam or holographic lithography, which adds complexity and 
cost to the manufacturing process. With the elimination of 
cleaved facets, a new design strategy for single mode lasers 
that is simple to fabricate is now available, based on 
computational optimisation of a laser made up of multiple-
resonant cavities using a finite free spectral range (𝐹𝑆𝑅). This 
new laser design method is the topic of this paper. 

II. LASER CAVITY DESIGN 

Once the random phase contribution of a cleaved facet is 
eliminated, the laser cavity design can be fully optimized for 
singe mode operation using multiple resonant cavities. This 
optimisation does not need to define a single optical 
wavelength as would be done with a typical DFB laser. Instead 
the design must only define a single wavelength within the 
gain bandwidth of the laser medium being used. This 
seemingly minor detail provides opportunity for a superior 
single mode cavity as will be demonstrated. 

A. A common resonance 

If reflective slots are used to create sub-cavities for the 
single mode laser, then Fig. 1 provides a example of what such 
as laser might look like. Here it is assumed that the same 
lithography process that defines the cavities will also be used 
to define the ends of the device. 

The main requirement for laser made up of multiple 
resonant cavities is that all cavities are resonant at the same 
design wavelength, thus:  

 𝑚𝑖𝜆 = 2𝑛𝐿𝑖 () 

where 𝑚𝑖 is the integer associated with the sub-cavity - 𝑖, 
𝜆  is the design wavelength of the laser, 𝑛  is the index of 
refraction and 𝐿𝑖 is the length of each sub-cavity (see Fig. 1). 

The reflective slot width should also comply with (1), to 
ensure that the design wavelength is resonant between 
multiple sub-cavities. 

B. A finite free spectral range 

Incorporating a finite free spectral range (𝐹𝑆𝑅) into the 
design is a useful strategy for a single mode laser design, if the 
𝐹𝑆𝑅 is larger than the bandwidth of the gain medium. This 
𝐹𝑆𝑅 can be used to calculate a minimum required length of 
any sub-cavity: Δ𝐿, which is then modified by the resonance 
condition imposed by (1), thus: 

 Δ𝐿 =
𝑚𝑁𝜆

2𝑛
, 𝑚𝑁 = ⌊

𝜆

Δ𝜆𝐹𝑆𝑅
⌋ () 

where 𝑚𝑁  is an integer describing the number of half 
wavelengths that exist within the minimum length sub-cavity, 
which now supports the required resonance condition and 
𝐹𝑆𝑅. There will be a maximum number of sub-cavities (𝑛𝐹𝑆𝑅) 
within the full length of the laser, where 𝑛𝐹𝑆𝑅 also describes 
the 𝐹𝑆𝑅 in terms of mode number. For example, one out of 
every three modes of the full cavity will be in resonance if 
𝑛𝐹𝑆𝑅 = 3. If there are 𝑛𝑆 slots of length: 𝐿𝑆, the total length of 
the laser cavity will be:  

   𝐿 = 𝑛𝐹𝑆𝑅Δ𝐿 + 𝑛𝑆𝐿𝑆 () 

C. A finite design space 

With a full laser cavity that meets the requirements of (1), 
(2) and (3), there are now only (𝑛𝐹𝑆𝑅 -1) locations for the 
position of reflecting slots that are used to define the sub-
cavities. If the excess loss caused by the slots (or other 
reflecting elements) is sufficiently low, then the full laser 
cavity can simply be made up of 𝑛𝐹𝑆𝑅 sub-cavities, which will 
result in a laser that is single mode, since no other wavelengths 
are resonant that exist in the gain bandwidth of the media. This 
is a trivial solution. If however, the excess loss of the slots is 
such that the number of such slots should be minimised, then 
we have a much more interest problem that has a finite number 
of permutations regarding the potential placement of the slots.  

 
Figure 1 – Laser Cavity 



III. THE LASER RESONATOR MODEL 

A transmission matrix model [5] was used to simulate the 
resonance of the complete laser cavity, which included 
realistic losses from the reflecting slots. The figure of merit 
selected for single mode laser design is the side mode 
suppression ratio (𝑆𝑀𝑆𝑅) of the optical transmission: |𝑆21|

2, 
where:  

 𝑆𝑀𝑆𝑅 =
|𝑆21|𝑚𝑎𝑖𝑛

2

|𝑆21|𝑠𝑖𝑑𝑒
2  () 

This is shown graphically in Figure 2 below. 

The programme simulated all cavity designs based on the 
constraints provided, and retained the specific designs that 
resulted in the 𝑆𝑀𝑆𝑅 being maximised.  

A. Allowing for fabrication variance 

When real structures are made, there will be variance in 
the fabrication, for example the designed slots may be slightly 
larger or smaller than intended. Thus, after locating the 
theoretical best designs (labelled Peak), robust designs were 
also investigated by allowing the slot widths to be over or 
under etched by ±0.1𝜇𝑚, as shown in Figure 3. The minimum 
𝑆𝑀𝑆𝑅 obtained for such a graph was labelled as Robust. 

 Both Peak and Optimum designs were then calculated for 
all possible variations of slot position for a specific number of 
slots and value of 𝑛𝐹𝑆𝑅 . Figure 4 provides the result of 
optimising a laser containing 6 slots (𝑛𝑆 = 6) for values of 
𝑛𝐹𝑆𝑅 varying from 7 (the minimum for 6 slots) to 30. These 
results were obtained using an HR coating on one facet,  and 
no coating on the other facet. Each design based on slot 
number (𝑛𝑆) and boundary conditions will result in a slightly 
different set of optimised results, with a local maxima often 
existing at 𝑛𝐹𝑆𝑅 = 2𝑛𝑆 + 1, thus at 𝑛𝐹𝑆𝑅 = 13 in Figure 4.  

These optimised results were compared with designs 
generated from a Monte Carlo routine that randomised slot 
position and then allowed each slot to vary over half a 
wavelength to find a local maximum. This Monte Carlo code 
was allowed to run for orders of magnitude longer than 
required by the method proposed. In addition a comparison 
was made with existing inverse scattering designs using 10, 
12 and 20 slots based on previous work [6-7]. While this 
comparison is not equivalent, since the inverse scattering 
designs were made to work with a cleaved facet, and targeted 
a single wavelength, rather than allowing for a finite 𝐹𝑆𝑅, the 
comparison does provide an indication of what 𝑆𝑀𝑆𝑅  is 
expected for a good single mode laser design. 

The 𝑆𝑀𝑆𝑅 for the Robust designs was significantly larger 
(>1.13 for 6 slots and >1.20 for 10 slots) than seen by the 
Monte Carlo method (best 𝑆𝑀𝑆𝑅 result: 1.10), or the inverse 
design method (best 𝑆𝑀𝑆𝑅 result: 1.058). 

IV. CONCLUSION 

Eliminating a cleaved facet enables the design of 
optimised single mode lasers by allowing for a finite free 
spectral range. In the simulations, the strength of the laser 
resonator for the optimised designs were significantly larger 
than using alternative methods, while only requiring simple 
reflective slots that can be work within the limitations of 
contact lithography. 
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Figure 2 – 𝑆𝑀𝑆𝑅 definition with 𝑛𝐹𝑆𝑅 = 24 

 

 
Figure 3 – Optimizing SMSR with etch variation 

 

 
Figure 4 –𝑆𝑀𝑆𝑅 vs 𝑛𝐹𝑆𝑅 using 6 reflective slots 

 


