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Abstract. This study presents a model for designing silicon and polysilicon (poly-

Si) micro-ring resonators (MRRs) within the semiconductor-insulator-semiconductor 

capacitor platform (SISCAP). It employs generic waveguide cross-sections, including 

complex rib structures, to address nonlinear effects and self-heating. We highlight the 

crucial role of free carrier diffusion in rib waveguides and Shockley-Read-Hall recom-

bination in mitigating nonlinearities within the ring resonator. In particular, we intro-

duce a novel method for 2D simulations of MRRs, incorporating self-consistent gener-

ation of free carriers via TPA, their transport, non-radiative recombination, heat gener-

ation, and dissipation. These factors alter the MRR transmission coefficient, signifi-

cantly diminishing the quality factor (Q) as injected power increases. The amount of 

input power injected into the ring is limited when high Q values (1.3 ⋅ 105) are consid-

ered. Our objective is to propose new designs capable of increasing the input power by 

an order of magnitude while limiting the Q degradation to less than 10%, which is cru-

cial for enhancing MRR performance in various silicon photonics applications. 

 

Keywords: Microring resonator, silicon, nonlinear effects. 

1 Introduction 

Microring resonators (MRRs) serve as passive optical components extensively utilized 

within silicon photonic integrated circuits, finding application across various photonics 

fields such as sensors, optical modulators, beam-steering, wavelength filtering, switch-

ing, and light modulation [1]. However, the nonlinear behavior of silicon, even under 

moderate input powers, presents challenges to achieving high Q-factor MRR perfor-

mance. In this investigation, we present a rigorous simulation method to account for 

nonlinear and thermal effects in silicon MRRs featuring complex waveguide cross-sec-

tions. We apply this method specifically to optimize MRR designs within the SISCAP 

platform. This platform offers advantages in reducing both the cost and energy con-

sumption of optical transceivers for optical interconnects, all while maintaining high 

data rates and volume across various applications [2].  

Our study aims to improve the comprehension and performance of MRRs, which are 

crucial for advancing silicon photonics technologies. 
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2 Model 

Silicon introduces notable nonlinear effects, in particular two-photon absorption (TPA) 

and free carrier absorption (FCA). TPA results from the absorption of two photons, 

generating an electron-hole pair, while FCA arises from free carriers absorbing addi-

tional photons, elevating electrons and holes to higher energy states in the conduction 

and valence bands. The presence of free carriers modifies the refractive index, causing 

a blue shift in the resonant wavelength of the MRR transmission coefficient, and con-

tributes to FC loss, degrading the Q-factor. Additionally, thermalization and recombi-

nation via Shockley-Read-Hall (SRH) mechanisms release energy as heat (self-heat-

ing), inducing a red shift in the transmission coefficient. To simulate these nonlinear 

effects and self-heating in MRRs, we utilize 2D simulations incorporating FC genera-

tion through TPA, FC drift-diffusion transport, SRH recombination, and thermal dy-

namics. By evaluating the impact of nonlinear effects on MRRs for various input pow-

ers and generic waveguide cross-sections, as those shown in Fig.1(a), we improve our 

understanding of silicon photonics performance. Through a self-consistent model, in-

tegrating optical field distribution and solving drift-diffusion equations coupled with a 

thermal model, we obtain the distribution of free carriers and temperature variations, 

making it possible to compute the modal loss and refractive index changes due to free 

carriers and temperature fluctuations. 

 

 

Fig. 1. (a) Cross sections of the waveguides. (b) Model summary. (c) Equations of effective re-

fractive index variation and optical modal loss.  

We summarize the self-consistent model, as shown in Fig.1 (b). we import in 

COMSOL Multiphysics (Semiconductor module with Thermal module) the spatial dis-

tribution of the fundamental guided mode optical field (e (x, y) and h (x, y)) in the ring 

waveguide and we solve self-consistently the drift-diffusion equations coupled with the 

thermal model. The solution provides the spatial distribution of free carriers, denoted 

as n(x, y) and p(x, y), and the temperature variation, represented as T(x, y), in relation 

to the circulating power across the waveguide cross-section. Having then the local var-

iation of FC loss and refractive index due to free carriers and temperature [2], we can 



3 

compute the optical modal loss (Δα) and effective refractive index variation due to FCD 

or temperature (ΔneffFC,T) as shown in Fig.1 (c). 

3 Results 

We examine three MMRs with different radius, and different coupling coefficient (k2) 

as reported in Table 1 to obtain a Q-factor fixed to 1.3 ⋅ 105, using waveguide cross-

sections depicted in Fig. 1(a): Si Strip, Si/PolySi Strip and Si/PolySi 3 wings Rib. The 

silicon rib structure is omitted due to its bend loss exceeding 1 dB/cm.  

 

 Si Strip Si/PolySi Strip Si/PolySi 3 wings Rib 

R=10 µm 0.3% 0.1% 0.08% 

R=60 µm 2% 0.7% 0.5% 

R=100 µm 3% 1% 0.7% 

Table. 1.The values of coupling coefficient for different radius and waveguide cross-sections. 

 

In Fig 2 (a) and (b), we report an example of our model solutions, namely the spa-

tial distribution of free carriers in the Si/PolySi 3 wings Rib. We observe that the sili-

con cross-section exhibits a higher free carrier density, leading to increased carrier 

diffusion compared to the poly-Si structure. The reduced carrier density in poly-Si can 

be attributed to a higher SRH recombination rate, resulting from a greater number of 

defects in poly-Si, which also shortens the diffusion length relative to silicon. Consid-

ering that Free Carrier Absorption (FCA) is directly proportional to the accumulated 

carrier density within the waveguide, Fig. 2(c) compares the total number of accumu-

lated carriers across the three different waveguides under identical circulating power 

Pc. The integrated carriers are determined over an equivalent area, defined as 90% of 

the optical mode area, by integrating n(x,y) and p(x,y). From this graph, we observe 

that the Si/PolySi 3 wings Rib has fewer free carriers compared to the other wave-

guides. This advantage will lead to thermal benefits. 

 

a)  b)      
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c)  

  

Fig. 2. Example of spatial carriers distribution: (a) electron distribution (n(x, y)) and (b) hole 

distribution (p(x, y)) in the Si/PolySi 3 wings Rib waveguide due to photon-generation and in for 
a circulation power equal to 50 mW and radius 10 µm. (c) Integrated total carrier density as a 

function of the circulating power for each waveguide analysed with radius 10 µm. 

 

The third model solution is the temperature variation of the same example; our ob-

servations reveal that the Si/PolySi 3 wings Rib waveguide exhibits reduced heating in 

comparison to other strip waveguides operating at equivalent circulating powers. This 

reduced heating is primarily assigned to the presence of lateral wings, which enhance 

heat dissipation and prevent the concentration of carriers at the center of the waveguide. 

In Fig. 3 (a), (b) and (c), we present a comparative analysis of the temperature distribu-

tion.  

a) b)  

c) d)  
Fig. 3. Example of temperature fluctuation resulting from self-heating for Pc = 50mW and ra-

dius 10 µm in (a) Si Strip, (b) Si/PolySi Strip and (c) Si/PolySi 3 wings Rib. (d) Integrated 
heat source due to FCA over the waveguide cross-section as a function of circulating power 

with R = 10 µm. 
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In Fig. 3 (d), we compare the integrated Qi,FCA (heat source due to FCA) across various 

waveguide cross-sections. For powers below 80mW, the Si/PolySi Strip experiences 

more heating compared to the Si Strip, which is the result of an higher local modal 

losses in polysilicon relative to silicon. In additional, the diminished accumulation of 

carriers in the Si/PolySi 3 wings Rib results in a reduced FCA, consequently minimiz-

ing carrier thermalization. 

The Si/PolySi 3 wings Rib exhibits lower heat generation compared to others, as such 

this structure also demonstrates the lowest nonlinear loss for the same circulating 

power, which is a consequence of the electrons and holes diffusion in the lateral 

wings of the rib and the faster SRH carrier recombination in poly-Si due to higher trap 

density [3]. Consequently, this reduces free carrier density where the optical field is 

confined, leading to smaller modal loss and refractive index variation. The resulting 

changes in effective refractive index and modal loss are fitted with third-degree poly-

nomials against circulating power, serving as input parameters for calculating the 

MRR transmission coefficient [4], as shown in Fig.4. In this graph, we can observe 
that for low bus powers the 3 MRRs have a similar transmission coefficient; but as the 

power increases, the curve trend changes: for the Si/PolySi 3 wings rib, a smaller NL 

shift of the resonant wavelength is observed compared to Si Strip and Si/PolySi strip. 

From the transmission coefficient  we can derive the  degradation of the quality factor 

due to nonlinear effects, which varies with the bus power [4]. Consequently, the 

Si/PolySi 3 wings Rib presents less degradation in transmission coefficient compared 

to others. In fig. 5 we report for each configuration the maximum input bus power to 

have a degradation of the Q of less than 10%; the Si/PolySi 3 wings Rib enables 

reaching a maximum power about 10 dB higher than the standard Si Strip waveguide 

available in this platform. In Table II, we report the corresponding circulating power 

and the temperature increase in the core at the maximum input bus power. We ob-
serve that for the same waveguide design the circulating power remains almost con-

stant with increasing radius because the increase in bus power is counterbalanced by 

an increase in radius in all structures. In addition, in the Si/PolySi 3 wings Rib the cir-

culating power is greater than in the other two MRRs and consequently heats up 

more.  However, between the Si/PolySi Strip and the Si/PolySi 3 wings Rib, the circu-

lating power increased 7 times, whereas the temperature increased only 3 times. This 

difference is attributed to the greater heat dissipation in the latter waveguide design as 

demonstrated in Fig. 3. (d). We also observed that the temperature variation for the 

same waveguide structure is constant for the 3 radii because there is a small variation 

in the circulating power in the three cases. 
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Fig. 4. Example of transmission coefficient of the 3 MRRs as a function of different bus input 

power: (a) linear regime, (b) Pbus = -10 dBm. The radius of MRRs is equal to 10 µm and Q = 
1.3 ⋅ 105. 
 
 

 

 
Fig. 5. Maximum bus power, with 10% Q, as a function of radius for each structure analyzed. 

 
 

 Si Strip Si/PolySi Strip Si/PolySi 3 wings Rib 

Pc,max (mW) @R=10 µm 0.256 0.798 4.6 

Pc,max (mW) @R=60 µm 0.412 0.725 4.6 

Pc,max (mW) @R=100 µm 0.423 0.705 4.5 

ΔT (K)  0.03 0.15 0.4 

Table. 2. Summary of maximum circulating power with a 10% Q-factor dependence on radius 

for each structure, along with temperature variation in MRRs at resonance where the maximum 

circulating power is observed (Pc,max). 
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4 Conclusions 

In summary, our study has implemented a model capable of computing the 2D dis-

tribution of free carriers and temperature within the various waveguide cross-sections 

of MMRs on the SISCAP platform. Through our analysis, we have successfully iden-

tified a design solution that effectively mitigates nonlinear effects and self-heating. 

The Si/PolySi 3 wings Rib waveguide emerges as the most advantageous among the 

options examined. This structure benefits from the free carrier diffusion in the rib 

waveguides and heat dissipation, complemented by the addition of the poly-Si wave-

guide, which diminishes bend loss and reduces free-carrier lifetime through increased 

SRH recombination within poly-Si traps. 
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