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Light propagation in a metal-oxide-semiconductor optical modulator based on free carrier 

absorption is analyzed theoretically.  The analysis is based on Marcatili’s approximation taking account 

of absorption by free carriers in the inversion layer. The gate voltage and wavelength dependences of 

propagation loss and extinction ratio are also evaluated. The free carrier absorption in the proposed 

modulator is appropriately confirmed by comparing theoretical results with the experimental result of 

fabricated optical modulators on silicon-on-insulator wafers; however, practical use of the device is 

limited since the extinction ratio remains small owing to a weak interaction between light and inversion 

carriers at 1.55-μm-wavelength light.  By theoretical analyses, a large extinction ratio is obtained for 

possible applications in the deeper infrared regime because free carrier absorption increases with 

wavelength. A much larger extinction ratio is expected when the interaction between guided waves and 

surface plasmons occurs.  
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1. Introduction 

To cope with signal propagation delay in metal wiring in large-scale integrated circuits, on-chip 

optical interconnect has long been proposed owing to its inherent features such as the absence of 

resistance-capacitance time delay, cross-coupled structure, and multiple-signal transfer.  To realize 

optical interconnect, silicon optical modulators such as p-i-n diodes based on free carrier absorption1), 

Mach-Zehnder-type metal-oxide-semiconductor (MOS) capacitors2, 3) or p-n diodes4) based on phase 

shift, bipolar mode transistors based on free carrier absorption5), and ring resonators6) have been 

proposed. 

On the other hand, the authors have proposed a comb-shaped MOS capacitor optical modulator 

based on free carrier absorption7). The optical modulator based on free carrier absorption has a strong 

potential for multiwavelength propagation due to its desirable insensitivity to wavelength compared with 

a phase-shift-based modulator. The proposed device has high compatibility with conventional MOS 

device structures and potential applications in deep infrared optical modulators.  Light modulation by 

our proposed modulator was confirmed experimentally and reported in ref. 8.  In this report, we will 

describe the light propagation characteristics of our proposed device and confirm optical modulation 

based on free carrier absorption by theoretical analyses. Furthermore, the potentiality of the silicon 

optical modulator based on free carrier absorption will be discussed. 

 

2. Basic Idea 

The modulation mechanism of our proposed modulator is based on the absorption by free 

carriers.10-12)  The light absorption coefficient of a material is given by 4π Im(n)/λ, where n is the 

complex refractive index that is related to the dielectric function ε by n = ε1/2, and λ is the optical 

wavelength.  The dispersion of the dielectric function by free carriers is described by the classical 
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Drude model as follows: 
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where Nc, mc, and τc are the concentration, effective mass, and relaxation time of free carriers, 

respectively.  e and ε 0 are the elementary charge and permittivity in vacuum, respectively. ε ∞ denotes 

the contribution from polarization except for free carriers and ω is the angular frequency of light (ω = 

2π c/λ, c is light speed). i is the imaginary unit.  Figure 1 shows the wavelength dependence of the 

absorption coefficient of impurity-doped crystalline silicon.  The free carrier concentration Nc is set to 

Nc = NA or Nc = ND, where NA and ND denote impurity concentrations of the acceptor and donor, 

respectively.  The value of ε ∞ is set to 11.9.  The relaxation times of holes in boron-doped crystalline 

silicon, τh, and electrons in phosphorus-doped crystalline silicon, τe, are set as follows: 
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where m0 is the electron rest mass. The above function form is fitted to the data of mobility quoted from 

ref. 13, and the values of mc for free carriers in impurity-doped crystalline silicon are referred to ref. 14.  

As shown in Fig. 1, absorption coefficient increases when the optical wavelength or the free carrier 

concentration becomes large.  Thus, the power of light propagating in silicon can be changed when the 

free carrier concentration is controlled.  In the following section, 1.55 μm wavelength is chiefly 

analyzed because it is widely used for optical interconnect even though a higher extinction ratio is 

obtained in the case of a larger wavelength, as expected from Fig. 1.  The case of a larger wavelength is 

discussed in §3.3 and 3.4. 

The light modulator proposed in this study has an MOS structure, as shown in Fig. 2(a).  The 

waveguide core is silicon-on-insulator (SOI), and the underlying clad layer is buried oxide. The side and 



 4

upper clad layers are thin SiO2 films, and an impurity-doped polycrystalline silicon that functions as a 

gate electrode covers it.  The modulation mechanism is shown in Fig. 2(b).  The input light propagates 

inside SOI repeating reflections.  When the inversion layer (or accumulation layer) with 

high-concentration free carriers is formed by applying a large bias voltage to the gate electrode, the 

reflectivity at the interface of the core and the clad decreases owing to free carrier absorption.  As a 

result, the power of output light decreases.  

 

3. Theoretical Analysis 

3.1 Calculation method 

Only the absorption by the inversion layer is discussed here neglecting behavior under 

accumulation condition.  For simplicity, the motion of carriers in the inversion layer is treated classical 

mechanically even though it must be treated quantum mechanically because carriers are confined in a 

narrow region of 1-10 nm from the Si/SiO2 interface.  In the following, SOI is assumed to be p-type 

silicon that is doped with boron of NA = 1.5 × 1015 cm-3. 

The free carrier concentration nBIB of the inversion layer at the Si/SiO2 interface is given by nI = 

ni
2exp(eφs/kBT)/NA, where ni is the intrinsic carrier concentration, φs is the surface potential at the Si/SiO2 

interface, kB is the Boltzmann constant, and T is the temperature.  Inversion layer thickness is 

calculated as –QI/enI, where QI is the charge concentration per unit area of the inversion layer, which is 

derived from Poisson’s equation.  In the case of a strong inversion, QI is written as 

TkeeNTnkQ Bs 2/
A

2
iB0SiI 2 φεε−= .                            (3) 

The mobility of free electrons in the inversion layer is set to μeff = eτ /me ≈ 32500 Eeff
-1/3 15), where Eeff 

denotes the effective normal field Eeff = (|QD|+|QI|/2)/(εSi·ε0), QD is the charge concentration per unit area 

of the depletion layer, and εSi is the dielectric constant of silicon.  The above expression is adopted for 
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μeff even though this expression does not hold for large Eeff owing to surface roughness.  For simplicity, 

electron effective mass is set to me = 0.26 m0
14) for nondoped crystalline silicon, which is obtained from 

the mean curvature of the electron energy band E(k) [k = (k1, k2, k3) is the electron wave vector] using 
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at the extreme point ∂E(k)/∂ki = 0, where mt (= 0.19 m0) and ml (= 0.98 m0) are the transverse and 

longitudinal effective masses, respectively. 

As all physical quantities in terms of the inversion layer are expressed as a function of the surface 

potential φs, the relation with the gate voltage VG = φs – QT /C0  can be investigated through the 

parameter φs, where QT and C0 denote the total charge concentration per unit area and the capacitance of 

the gate oxide film, respectively.  Flat band voltage is neglected for simplicity.  We used Mathematica 

for simulations.  Figure 3 shows the real part of the dielectric function Re(ε) and the absorption 

coefficient of the inversion layer in p-type silicon when gate voltage is applied.  When the real part of 

the dielectric function Re(ε) becomes less than 0, the inversion layer behaves like metal and absorption 

coefficient increases rapidly. The gate voltage dependence of reflectivity for transverse electric (TE) and 

transverse magnetic (TM) polarized plane waves entering from SOI to the clad layer is shown in Fig. 4.  

The refractive index of each material for λ = 1.55 μm is also denoted.  For simplicity, the imaginary 

parts of the refractive index of silicon and SiO2 are ignored because they are very small. Also, the 

depletion layer in SOI and the depletion or accumulation layer in polysilicon are neglected.  The 

incident angle of a plane wave is set to 82.6° for TE polarization and 89.7° for TM polarization.  (These 

angles are obtained by the wave vector of the E11
y mode for a waveguide of 1.5 μm thickness and 50 μm 

width, which will be discussed later.)  The attenuation of optical power is very small by one reflection 

because the inversion layer is very thin. The sharp decrease in reflectivity obserbed for TM polarized 

waves is due to absorption by the surface plasmon.16) When the applied gate voltage is increased, the 
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reflectivity of both TE and TM polarized waves slowly decreases.  However, this value is limited 

because the dielectric breakdown occurs when applying a large electric field, which is about 10 MV/cm, 

to the gate oxide film. 

To investigate the light propagation characteristics, Marcatili’s method17) is utilized.  The core 

and clad are set, as shown in Fig. 5, where polysilicon and the buried oxide layer are assumed to be 

infinite half-plane, while the thin SiO2 layer (gate oxide) and shaded regions are ignored for simplicity.  

The propagation light in a waveguide is decomposed to the guided modes Epq
x and Epq

y, which have the 

main component of electric field in the x and y directions, respectively.  Each guided mode is expressed 

as the superposition of plane waves characterized by the wave vector kpq = (kxp, kyq, βpq), and its 

components are given by 
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where each νip satisfies the following equation17) 
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with 2
Si-Poly

2
Si1 / nn=γ , 2

SiO
2
Si2 2

/ nn=γ , and 13 =γ  for the Epq
x
 mode, and 121 == γγ  and 2

Si-Poly
2
Si3 / nn=γ  

for the Epq
y mode.  The integers p and q denote the number of extremes of the x and y directions, 

respectively, and these label guided modes.  Figure 6 shows examples of field distribution plots of the 

E11
y, E21

y, and E31
y modes obtained by Marcatili’s approximation.  Though free carrier absorption is not 

considered yet here, the propagation loss by polysilicon appears.  The propagation loss is larger when 
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the mode is of the higher order.  

To investigate the gate voltage dependence of the light modulation of the proposed modulator, we 

must consider the clad layer with a multilayer structure, as shown in Fig. 4(a).  Owing to the difficulty 

in the accurate calculation of the gate voltage dependence based on Marcatili’s approximation, a 

simplified method is used as follows.  For example, when reflectivity is given by R, the power after 

n-times reflection is P0Rn = P0 exp[−n ln(1/R)] = P0 exp [−z (n/z) ln(1/R)] as the initial power P0 and 

propagation length z. Thus, the loss coefficient a is given by a = (n/z) ln (1/R).  In the case of a 

rectangular waveguide, the light power after propagation of length z can be expressed as Ppq(z) = 

P0exp[− apq z] with 
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Ri is the reflectivity at the interface Si, as shown in Fig. 7.  Λip denotes the penetration depth of an 

evanescent wave at Si, 
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The propagation loss αpq is given by αpq = 10 log10[Ppq(z)/P0]/z = 10apq/ln10.  Assuming that the real 

parts of the component of the wave vector, namely, Re(kxp), Re(kyq), and Re(βpq), do not change after the 

inversion layer appears, the propagation loss by free carrier absorption can be obtained by substituting 
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reflectivity, as shown in Fig. 4, in eq. (7).  For the Epq
y mode, the light entering into S1 or S2 is 

considered to be a TE polarized wave, and the light entering into S3 or S4 is a TM-polarized wave.  For 

the Epq
x mode, TE and TM are exchanged.  The incident angle of a plane wave is determined by Re(kxp), 

Re(kyq), and Re(βpq).  

 

3.2 Light modulation for wavelength λ = 1.55 μm 

The propagation loss α(VG) of the E11
y mode with the applied voltage VG for the modulator of 1.5 

μm thickness and 50 μm width is shown in Fig. 8(a).  There is energy loss caused by polysilicon 

absorption, and it becomes large when the gate oxide film becomes thin because the penetration depth 

of the evanescent wave becomes large.  With increasing applied gate voltage, the propagation loss 

becomes large owing to inversion carrier absorption.  Figure 8(b) shows the extinction ratio of the E11
y 

mode for this modulator of 5 mm length.  The extinction ratio is given by 10log10(Pon /Poff) and is also 

expressed as |α(VG) − α(0)| z, where Poff or Pon expresses the light power when gate voltage is applied 

(light power is small) or not (light power is large).  A higher extinction ratio is obtained by applying a 

higher gate voltage, but it is limited by the dielectric breakdown of the gate oxide film. 

Figure 9 shows the propagation loss and the extinction ratio of the E11
x mode with applied voltage 

for the modulator of the same size as mentioned above.  The behaviors of gate voltage dependence are 

similar to those in the case of the E11
y mode, but sharp increase appears owing to surface plasmon 

absorption.  In the case of the E11
y mode of the present waveguide size, a large absorption by surface 

plasmons does not appear. Because this waveguide width is very large compared with wavelength, the 

incident angle of the TM polarized wave entering the side wall of the waveguide is nearly 90˚.  Thus, 

the reflectivity of the TM polarized wave at the side wall is nearly 1. 

Figure 10 shows the optical responses of the fabricated modulator reported in ref. 8 and theoretical 
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plots of guided modes.  Pon of the theoretical plot is set to the value at the gate voltage -1 V. (Flat band 

voltage is set to -1 V from the observed capacitance-voltage curve of the fabricated device in ref. 8.)  

For this modulator, the guided modes Epq
y of p = 1, 2, and 3 and q = 1, 2, ···, and 98 exist.  Even though 

the optical response is very small, the free carrier absorption in this device is confirmed by the theoretical 

and experimental analyses.  The experimental data fit the most to the theoretical curves of the E1q
x or 

E1q
y mode (q = 1, 2, ···) among the various modes.  Therefore, the E1q

x and E1q
y modes whose 

propagation losses are smaller than those of other Epq
x and Epq

y modes (p = 2, 3, q = 1, 2, ···) may be 

dominant in the fabricated optical modulator described in ref. 8. 

 

3.3 Analyses of wavelength dependence 

Figures 11(a) and 11(b) show the extinction ratios of the modulator of the same size as mentioned 

in the previous subsection in the case of wavelength λ = 3 or 5 μm.  The refractive indices of SOI and 

SiO2 are given by the curve in Fig. 11(c), which is fitted to the data quoted from ref. 18, and a large 

extinction coefficient of SiO2 at about λ = 9 μm is neglected.  For simplicity, the refractive index of 

impurity-doped polysilicon is used at the same value as that in the case of λ = 1.55 μm.  As mentioned 

in §2, large extinction ratios are obtained in the case of a large wavelength.  However, the extinction 

ratios are limited owing to the waveguide structure.  Since the proposed modulator has an asymmetric 

structure in the vertical direction, the cutoff wavelength λcut of the fundamental mode exists.  Figure 

11(d) shows the wavelength dependence of extinction ratio with the applied gate voltage VG = 5 V for the 

modulator of 50 μm width, 5 mm length, and 0.3, 0.5, 1, or 1.5 μm thickness.  The cutoff wavelengths 

for each size of the modulator are indicated by the vertical dotted line in the figure.  Extinction ratio 

becomes large when wavelength increases, but decreases rapidly near the cutoff wavelength λcut.  This 

can be explained as follows.  The propagation loss α becomes large when wavelength increases, as 
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shown in Fig. 12(a), because the penetration depth of the evanescent wave into the polysilicon layer 

becomes large, as shown in Fig. 12(b).  However, the propagation losses α(VG), α(0), and |α(VG) − 

α(0)| decrease rapidly in the limit λ → λcut
19, 20) because Lxpq in eq. (7) increases rapidly. Figure 11(d) 

also shows that the free-carrier-absorption-based modulator is insensitive to wavelength compared with 

the phase-shift-based modulator. 

 

3.4  Absorption by surface plasmons 

Since the inversion layer behaves like a metal film, it is expected that the guided waves interact 

with surface plasmons21, 22) at the interface of the inversion layer and the gate oxide film.  A surface 

plasmon oscillates with large amplitude when coupled with a light wave. The light coupled with the 

surface plasmon loses energy because part of light energy moves to the surface plasmon, and a large 

energy dissipates by plasma oscillation. The sharp decrease in reflectivity for the TM polarized wave in 

Fig. 4(c) or the large extinction ratio in Fig. 9 is caused by surface plasmons. 

The optical modulation mechanism by surface plasmons is the same as that of conventional free 

carrier absorption shown in Fig. 2(b).  However, the decrease in optical power by one reflection is very 

large, thus a larger extinction ratio is expected.  Since the condition that surface plasmon resonance 

occurs depends on the thickness of the metal thin film, the incident angle of light, wavelength, and so on, 

it is necessary to estimate various parameters of the optical modulator. 

Figure 13 shows the incident angle and gate voltage dependences of reflectivity when the TM 

polarized wave with λ = 1.55 μm enters the multilayer structure shown in Fig. 4 (a) with a 5-nm-thick 

gate oxide film.  A decrease in reflectivity by surface plasmons appears when the gate voltage is 

approximately 6.1 V.  In the proposed modulator, absorption by surface plasmons is not very large 

because the inversion layer is very thin (10 nm or less).  Figure 14 shows the gate voltage dependence 



 11

of extinction ratio for the E11
y mode of the proposed modulator with Tcore = 1.5 μm, Wcore = 2 μm, and z = 

5 mm (a), and Tcore = Wcore = 0.5 μm and z = 5 mm (b).  Very large extinction ratios are obtained, which 

were further increased by reducing the size of the waveguide. However, a strong coupling between 

guided modes and surface plasmons does not occur when gate voltage is not applied beyond the 

dielectric breakdown of the gate oxide film.  Thus, it is necessary to use a high-k material, for example, 

HfO2, as a gate insulating film in order to realize a surface-plasmon-based modulator in the 

1.55-μm-wavelength regime.   

Figure 15 shows the wavelength dependence of propagation loss for the E11
y mode of the proposed 

modulator with Tcore = 1.5 μm, Wcore = 2 μm, and z = 5 mm, and the 5-nm-thick gate oxide film.  The 

curve denotes the cases of applying gate voltages VG = 3, 4, 5, and 5.9 V (dielectric breakdown voltage is 

about 5.9 V).  For example, a large attenuation by surface plasmons appears at approximately 3.8 μm 

when a gate voltage of 3 V is applied.  It is difficult to obtain a large propagation loss by surface 

plasmons at a wavelength of 1.55 μm owing to the gate oxide breakdown. However, in the case of a 

longer wavelength, large extinction ratios are obtained at a lower gate voltage. 

 

4. Conclusions 

The potentiality of the MOS optical modulator based on free carrier absorption is discussed 

theoretically utilizing Marcatili’s approximation. The extinction ratio in the 1.55-μm-wavelength regime 

is limited at 1 dB owing to the limited interaction between light and free carriers.  Even though the 

response is very small, the free carrier absorption of the proposed device is confirmed by theoretical 

analysis as well as experimental results reported in ref. 8. 

In the deeper infrared regime, it is expected that an extinction ratio of approximately 8 dB is 

obtained in the case of a 1.5-μm-thick waveguide.  However, the theoretical result is restricted at a 
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wavelength smaller than 9 μm because of the large extinction coefficient of SiO2
18).   

A much larger extinction ratio is expected when guided waves and surface plasmons interact.  In 

the case of the wavelength λ = 1.55 μm, it is difficult to obtain the absorption by surface plasmons owing 

to the dielectric breakdown of the gate oxide film. However, in the case of a longer wavelength, the large 

absorption by surface plasmons is expected at a lower gate voltage. 

One of the advantages of this modulator is that the guided mode need not be taken into 

consideration, that is, whether single mode or multimode.  The extinction ratio of the higher-order mode 

is larger than that of the fundamental mode because the propagation loss of the higher-order mode is 

larger than that of the fundamental mode.  Thus, this device has a possible application as a modulator 

even with the multimode propagation. 
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Figure captions 

 

Fig. 1. Wavelength dependence of absorption coefficient of (a) boron- and (b) phosphorus-doped 

crystalline silicon calculated using eq. (1). NA and ND denote impurity concentrations.  

 

Fig. 2.  Structure of proposed silicon optical modulator (a) and model of light propagation in SOI (b). 

An inversion layer appears when a large bias voltage is applied. 

 

Fig. 3.  Real part of dielectric function Re(ε) and the absorption coefficient of the inversion layer with 

applied gate voltage.  tox denotes the thickness of the thin SiO2 film. 

 

Fig. 4.  Reflectivity of TE and TM polarized plane waves entering from SOI to multilayer. The sharp 

decrease observed for TM polarized waves is due to absorption by surface plasmons. 

  

Fig. 5.  Cross section of the waveguide under study and analytical region of Marcatili's method in 

which the shaded regions are ignored.  Relatively very thin SiOB2 B layers are ignored for simplicity. 

 

Fig. 6.  Field distribution plot of guided modes EB11 PB
yP, EB21 PB

yP, and EB31
y obtained by Marcatili's 

approximation with simplified structure shown in Fig. 5. 

 

Fig. 7.  Parameter setting in eqs. (7)-(9). In the case of the EB11 PB
y mode, reflection occurs as TE polarized 

on SB1 B and SB2 B, and TM polarized on SB3 B and SB4B. 
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Fig. 8.  Gate voltage dependence of propagation loss (a) and extinction ratio (b) of E11
y mode for the 

proposed optical modulator. The waveguide size is fixed as Tcore = 1.5 μm, Wcore = 50 μm, and 

modulation length z = 5 mm. 

 

Fig. 9.  Gate voltage dependence of propagation loss (a) and extinction ratio (b) of E11
x mode for the 

proposed modulator. The waveguide size is Tcore = 1.5 μm, Wcore = 50 μm, and z = 5 mm. 

 

Fig. 10.  Optical responses of the fabricated device reported in ref. 8 and theoretical plot including 

high-order mode calculated in this work. Pon is set to the value at a gate voltage of -1 V. 

 

Fig. 11.  Gate voltage dependence of extinction ratio for wavelengths λ = 3 μm (a) and λ = 5 μm (b), 

wavelength dependence of refractive index of Si and SiO2 (c), and wavelength dependence of extinction 

ratio (d).  Vertical dotted lines denote cutoff wavelengths for each size of waveguide. 

 

Fig. 12.  (a) Propagation loss vs wavelength λ,  which is normalized by core thickness Tcore. For Tcore = 

1.5 μm, calculation is terminated at λ = 9 μm.  (b) Field distribution plot of E11
y mode for various 

wavelengths, and wavelength dependence of penetration depth. 

 

Fig. 13  Incident angle and gate voltage dependences of reflectivity when the TM polarized wave with 

λ = 1.55 μm enters the multilayer structure shown in Fig. 4(a) with 5-nm-thick gate oxide film.  

 

Fig. 14  Gate voltage dependence of extinction ratio of E11
y mode for optical modulator with Tcore = 1.5 

μm, Wcore = 2 μm (a), Tcore = Wcore = 0.5 μm, and z = 5 mm (b) when wavelength λ = 1.55 μm. 
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Fig. 15.  Wavelength dependence of the propagation loss of E11
y mode for optical modulator with Tcore 

= 1.5 μm, Wcore = 2 μm, and tox = 5nm. 
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