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1. Introduction 

Global metal interconnection limits the performance of 
large scale integrated circuits (LSIs) because of its signal 
delay and power consumption. Our target is optical inter-
connection in LSI, which is one of the promising methods 
toward the further high performance LSI. Optical modula-
tor is a key device and we have investigated the elec-
tric-field drive Si ring optical modulator using 
metal-oxide-semiconductor (MOS) type Si ring resonator 
[1], where the carrier concentration in Si ring resonator is 
controlled by applied electric-field and optical modulation 
is achieved.  

For the optical interconnection in LSI, the low opera-
tion voltage of optical modulator is necessary with shrink-
ing the transistor size. In order to improve the performance, 
we propose the optical modulator with p/n junctions along 
the circumference of the ring resonator as shown in Fig. 1. 
At no voltage, Si ring resonator consists of p- and n-type 
neutral regions, and short depletion regions. By applying 
reverse bias, the depletion regions expand and total refrac-
tive index is changed, and the optical modulation is 
achieved. When whole ring regions are depleted, which is 
most ideal case, the highest optical modulation is expected.  

In contrast, the previously reported Si ring optical 
modulator as shown in Fig. 2 uses the p/n junction crossing 
the ring whose width is only 0.3 μm [2]. When the junction 
boundary is in the core region and carrier concentration is 
higher than 2x1017 cm-3, the high operation voltage of ~10 
V is required to expand the total initial depletion region 
[which is sum of p- and n-type depletion regions, ~90 nm 
(see Fig. 3)] to the whole core width. This problem can be 
solved for our proposed structure (now under patent appli-
cation), because widths of p- and n-type region, Wp and Wn, 
are determined arbitrary. The detailed structure of the pro-
posed Si ring optical modulator with p/n junctions is shown 
in Figs. 4 and 5. 
 
2. Simulation Setup 

For the simple simulation, the p/n junction is treated as 
the abrupt junction and the rectangular approximation of 
the space charge distribution is used and high dose region is 
separated from the core region enough to ignore the optical 
loss by the electrodes. There exist three different refractive 
index regions, (1) neutral p-type, (2) neutral n-type, and (3) 
depletion regions. In taking the refractive index change by 
free carrier into the consideration [3], the effective refrac-
tive indices of Si rib waveguides in three different regions 
are simulated by the finite difference method (Apollo 
Photonic Solutions Suite). The optical modulation is calcu-
lated by using these simulated refractive indices. 
 

3. Results and Discussion 
The simulated effective refractive index of Si 

waveguide with each carrier concentration is shown in Fig. 
6, where the width, central rib height and thickness of the 
high dose region are 0.35 μm, 0.3 μm and 0.05 μm, respec-
tively (see Fig. 5).  

Optical modulation is calculated using quality factor Q, 
assuming the resonance spectrum is expressed by the Lor-
entzian function. The relation between the quality factor Q 
and the propagation loss is shown by Fig. 7, where the cir-
cumference length of the ring resonator is 125 μm, i.e., the 
radius of 20 μm. When coupling constant between the ring 
and input waveguide is zero limit, the quality factor does 
not depend on the circumference length, and is given by  

 
res

eff2~
αλ
πnQ

 
where α, λres and neff are carrier absorption coefficient, 
resonance wavelength and effective refractive index, re-
spectively [4]. In this condition, the optical modulation can 
be calculated by only the simulated result in Fig. 6. Figure 
8(a) shows thus calculated result at 1 V, where the widths 
of p- and n-type regions, Wp and Wn, are 2 times of the de-
pletion width at 1 V, WD(1V). In this case, all Si ring re-
gions are depleted and the highest modulation is obtained at 
1 V. The modulation > 95% seems to be possible for higher 
carrier concentration > 5x1018 cm-3 even if the propagation 
loss is > 100 dB/cm. However, it is not realistic because the 
width of p- and n-type region is less than 32 nm (see Fig. 
3).  

For more realistic case that the widths of p- and n-type 
regions, Wp and Wn, are set to be 150 nm, the calculated 
result is shown in Fig. 8(b). To obtain a modulation larger 
than 95%, propagation loss less than 5 dB/cm is necessary 
for 1x1017-5x1017 cm-3 carrier concentration. For 1x1018 
cm-3, near 90 % modulation is possible when the propaga-
tion loss is less than 2 dB/cm. Since the 2 dB/cm 
waveguide loss is a reported realistic value [5], 90% modu-
lation is possible for 1x1017-1x1018 cm-3 carrier concentra-
tion. For 5x1018 cm-3, free carrier absorption limits the op-
tical modulation and the modulation cannot exceed 60%.  
 
4. Conclusion 

We have proposed the Si ring optical modulator where 
p/n junctions are arranged along circumference of the ring 
resonator. The modulation at 1 V is simulated as a parame-
ter of the propagation loss of Si waveguide. To obtain ~ 
90% modulation at 1 V for 1x1017-1x1018 cm-3 carrier con-
centration, the propagation loss < 2 dB/cm is necessary, 
where the width of p/n region is 150 nm. Moreover, 
modulation > 95% is obtained when carrier concentration is 
1x1017-5x1017 cm-3 and the propagation loss is < 5 dB/cm. 
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Fig. 3 Depletion width at 0, 1 and 10 V 
for each carrier concentration where 
carrier concentration in p- and n-type 
Si are same as each other. 
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Fig. 2 Problem of the previous optical 
modulator using p/n junction crossing the 
core region.  
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Fig. 1 Change of depletion region by the 
reverse bias. Refractive index of the deple-
tion region is higher than that of the neutral 
region. 
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Fig. 4 Detailed structure of the proposed 
Si ring optical modulator with p/n junc-
tions. 
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Fig. 6 Simulated effective refractive index for 
different carrier concentration. 
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Fig. 5 A-A’ cross sectional schematic 
structure of Si ring optical modulator 
shown in Fig. 4. 
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Fig. 7 Calculated quality factor of ring 
resonator versus propagation loss as a pa-
rameter of coupling constant. 
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Fig. 8 Propagation loss dependence of optical modulation as a parameter of 
carrier concentration of p- and n-type regions at the width of p- and n-type re-
gions being (a) 2 times of the depletion width at 1 V, WD(1V), and (b) 150 nm.
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