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Abstract: Recently, silicon-waveguide-based hybrid modulators with high-
performance electro-optic materials have been proposed to overcome the 
intrinsic limitations of silicon materials. Indium-tin-oxide (ITO) is one of 
the important candidates for such applications due to its unique features 
including the ENZ effect and electrically tunable permittivity. In this paper, 
we propose an ultra-compact integrated phase modulator which consists of a 
silicon slot waveguide with a thin ITO film in the slot region. In the near-
infrared regime, bias-voltage-dependent free-carrier accumulation at the 
dielectric-ITO interface induces an epsilon-near-zero (ENZ) effect, and 
contributes to the strong phase modulation of the guided electromagnetic 
wave. With a voltage swing of 2 V, the device experiences a large variation 
of the effective modal index, resulting in a π radian phase shift within the 
device length of <5 μm at 210 THz according to our computer simulations. 
A high modulation efficiency of VπLπ~0.0071 V·cm and a large device 
bandwidth of ~70 GHz suggest a potential for an ultra-compact 
optoelectronic component in the integrated silicon photonics platform. 

©2015 Optical Society of America 

OCIS codes: (250.4110) Modulators; (250.7360) Waveguide modulators; (160.2100) Electro-
optical materials. 
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1. Introduction 

As the demands for high-speed and large-bandwidth information processing increase, the 
major performance bottleneck has shifted to communications/interconnections between the 
integrated circuit modules, and the optical interconnects are considered as one of the most 
preferable technologies for the wide bandwidth data transmission [1]. Especially, silicon 
photonics has attracted a lot of interest in the miniaturization and integration of electro-optic 
devices, such as amplitude/phase modulators and switches for ultrafast and energy-efficient 
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optical signal processing, because of its high modal confinement and low absorption losses at 
near-infrared wavelengths due to the silicon’s large refractive index [2]. The silicon material 
has a number of advantages over other semiconductor materials because of its mature 
fabrication processes and availability for chip-scale integration. 

Since there are no second-order nonlinearities in silicon, a common way to affect its 
refractive index for high-speed optical modulation is to inject or deplete the free carriers, 
resulting in a change of electron and hole densities. Typical silicon-based electro-optic 
modulators employ a reverse-biased p-n junction, and rely on the electric-field driven carrier 
dynamics. Such an approach can achieve high operation speed up to ~30 Gb/s because the 
response time can be shorter than 10 ps [3]. However, the device requires a very long phase 
modulation length over 1 mm, which might not be suitable for the future high-density optical 
circuits [4]. On the other hand, the silicon modulators based on forward-biased p-i-n diodes 
have relatively high modulation efficiency of VπLπ~0.04 V·cm, but they usually suffer from 
low modulation speeds when special driving techniques, such as pre-emphasis, are not 
employed [5]. In addition, their energy efficiency is also restricted due to the permanent 
injection current. The fundamental trade-off between the modulation efficiency and the 
operational speed is mainly due to the intrinsic limitations of the silicon materials and difficult 
to overcome with all-silicon approaches. 

To overcome the disadvantages of the silicon devices, the so-called hybrid modulators 
using silicon waveguide-based structures with other electro-optic materials have been 
proposed. Silicon-organic hybrid (SOH) modulators have been demonstrated by combining 
silicon-on-insulator (SOI) slot waveguides with organic cladding films [6, 7]. The SOH 
devices have merits in terms of a broad range of operation wavelengths and a large 
modulation bandwidth. However, it is difficult to design appropriate electro-optic organic 
materials due to the severe electrical instabilities [8]. Another important candidate is indium 
tin oxide (ITO). The ITO permittivity in the optical wavelengths can be typically 
approximated with the Drude model [9, 10], and an ENZ regime occurs near a near-infrared 
wavelength depending on its free carriers concentrations [11, 12]. The unique features of the 
ENZ effect and electrically tunable permittivity ensure the ITO thin film to be used as a high-
performance electro-optic material in silicon photonics platform. Several waveguide-based 
modulators overcoated with the combination of dielectric and ITO layers have been suggested 
and demonstrated. Melikyan et. al has experimentally demonstrated an ITO plasmonic 
absorption modulator [13]. Due to a small change of a free carrier density ratio in the ITO 
film, the device has a low extinction ratio (ER) of ~1.5, but the modulator itself has shown the 
feasibility as a novel absorption modulation scheme based on voltage-tunable permittivities. 
After that, some research papers have theoretically suggested that ITO’s ENZ property can 
induce a large absorption coefficient difference between an ‘on’ and ‘off’ state [12, 14–16]. 
Especially, slot waveguide absorption modulators with an ITO core have shown extremely 
high ERs in their theoretical calculation [12, 14]. Afterwards, it was experimentally proven 
that the ENZ effect can indeed dramatically affect the modulation efficiency [17]. According 
to the experiments [17], high ER (~2.71 dB/μm) and low insertion loss (~0.45 dB/μm) have 
been simultaneously achieved. 

In addition to absorption modulation, there also have been efforts on designing phase 
modulators based on the ITO material. An active electro-optical field-effect nanoplasmonic 
modulator has been numerically demonstrated and has shown changes of an effective 
refractive index as well as an effective extinction coefficient depending on voltage biases for 
phase modulation [18]. However, it also has indicated that only a small portion of the 
effective refractive index is changed when compared to the absorption coefficient in the 
device. A beam steering device has been proposed based on slot waveguide phase modulators 
with ITO [19]. By taking advantages of the ENZ effect, about 60° steering angle is achieved 
on the silicon grating surface. 
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In this paper, we propose an integrated ultra-compact phase modulator which consists of a 
silicon slot waveguide with a thin ITO film in the slot region. Due to the combination of high 
and low-index layers, the slot waveguide can tightly confine the electro-magnetic field into 
the active region of ITO. By applying a certain voltage bias between the ITO and doped 
silicon layers, both the propagation constant and absorption coefficient of the fundamental 
transverse magnetic-like (TM) mode dramatically change, resulting in both the phase and 
amplitude modulation. Together with the amplitude modulation, efficient phase modulation 
techniques are important for a number of applications, such as optical quadrature phase-shift 
keying for high-speed digital communication [20, 21]. 

The paper is organized as follows. Section 2 is a brief introduction of our device structure. 
Section 3 investigates the dispersion relation of ITO and the free carrier concentration of the 
active region in the modulator. In Section 4, we show the feasibility of phase modulation by 
analyzing the TM mode propagation characteristics with respect to the operation frequencies 
and bias voltages. Section 5 investigates the device performance in terms of the coupling 
efficiency, energy consumption, and switching speed. Section 6 is the conclusion. 

2. Device structure 

A schematic illustration of our electro-optical amplitude/phase modulator is shown in Fig. 
1(a). It consists of a vertically-stacked silicon slot waveguide on the SOI wafer. The ITO layer 
can be considered as a degenerate semiconductor with a large number of electrons, and the 
film can be conformably deposited on the silicon waveguide by an atomic layer deposition 
(ALD) process [22]. We choose HfO2 as a dielectric material because of its high static 
permittivity (

2HfOε  = ~25) [23]. In addition, the thin film can be reliably grown by using the 

ALD technique to tolerate high electric field induced with relatively low voltage biases [24]. 
The surrounding material over the waveguide is the uniform silicon dioxide. We assume that a 
fundamental TM mode light is launched from the silicon rib waveguide in Fig. 1(b) so that it 
has good overlap with the active region of the ITO layer. 

 

Fig. 1. (a) The schematic diagram of the proposed electro-optical modulator. The guided TM 
mode input light (green arrow) is launched into the silicon waveguide. Due to the refractive 
index difference between the core materials (ITO and HfO2) and silicon, the electro-magnetic 
field can be confined in the active material (ITO). ΔV is a voltage swing applied to the device. 
Lmodulator is a total length of the modulator. (b) Cross-section of the silicon rib waveguide before 
and after the modulator section. (wSi = 300 nm, tSi_top = 320 nm, and tSi_bottom = 100 nm) (c) 
Cross-section of the slot waveguide modulator. 
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The input and output facet of the waveguide modulator with an ITO core layer are 
connected to the conventional silicon rib waveguide as shown in the Figs. 1(b)-1(c). An AC 
voltage source with a constant offset (Vdc) and a voltage swing (ΔV) is connected between the 
ITO and p-type silicon (see Fig. 2(a) for details). We assume that the external electrodes form 
ohmic contacts with ITO and p-type Si. When a negative voltage bias is applied to the ITO 
gate, a large number of free carriers are accumulated in the interface between the dielectric 
and ITO layer. The optical property of the active material therefore changes dramatically, 
resulting in strong optical modulation effects. When compared to a single metal-oxide-
semiconductor (MOS) structure [14], the proposed modulator consists of two MOS stacks 
which are connected in parallel to each other. Since two electron-accumulated layers are 
formed at the dielectric-ITO interfaces, the thickness of the active region becomes twice. As a 
result, the electro-optic effect increases considerably. The operation mechanism of the 
proposed structure with two MOS stacks is similar to a previously reported absorption 
modulator structure with an Au/Al2O3/ITO/Al2O3/Au stack [17]. 

3. Electro-optical effect in the modulator 

 

Fig. 2. (a) A simplified schematic diagram for the electrical simulation. (tITO = 2tITO_acc + tITO_bulk 

= 10 nm, 
2HfOt  = 5 nm) (b) Average free carrier density in the accumulation (black curve) and 

bulk (red curve) region of the ITO layer. The accumulation length, tITO_acc, approximated by the 
Thomas-Fermi screening effect, is ~1 nm. The bulk length, tITO_bulk, is ~8 nm. 

To analyze the electro-optic modulation effect, we first need to find the change of free carrier 
densities at the ITO-HfO2 interface with respect to the input voltage. For electrical simulation, 
the modulator is simplified to a 2D structure model as shown in Fig. 2(a). A commercial 
software [25] is used to calculate the carrier distributions in a highly doped semiconductor 
with a high electric field. Fermi-Dirac statics, bandgap narrowing, doping-dependent 
mobility, and electric-field-dependent mobility model are also considered. Table 1 
summarizes the electrical simulation parameters for ITO. 

Table 1. Simulation parameters for the electrical properties of an indium-tin-oxide thin 
film 

Doping concentration (N0) 3 × 1019 cm−3

Work function (Φ) 4.4 eV [26] 
Electrical resistivity (ρITO) 5 × 10−4 Ω·cm [27] 

Bandgap at 300K (Eg) 3.8 eV [28] 
Hall mobility (μHall) 40 cm2·V−1s−1 [29] 

Relative electrical permittivity (εITO) 9.8 [30] 

#236989 - $15.00 USD Received 6 Apr 2015; revised 28 May 2015; accepted 30 May 2015; published 8 Jun 2015 
© 2015 OSA 15 Jun 2015 | Vol. 23, No. 12 | DOI:10.1364/OE.23.015863 | OPTICS EXPRESS 15867 



When the voltage bias is applied to the device as shown in Fig. 2(a), electrons are 
accumulated near the dielectric interface, and the ITO layer can be approximately divided into 
two parts: bulk and accumulation region. The accumulation layer thickness in the typical 
MOS structure is only ~1 nm when the effects of electric field screening by electron carriers 
are considered, and given by the Thomas-Fermi screening length [13, 18], 

 

1/2 1/62 4
0

_ 2 2
0

,
34

ITO
ITO acc TF

eff

h
t

Nm e

ε ε πλ
π

   
= =        

 (1) 

where meff is the effective mass of an electron, h is a Plank constant, and ε0 is the vacuum 
permittivity. The effective electron mass of the ITO is obtained from Neumann et. al (meff = 
0.35 × melectron) [30]. Based on the effects of electric field screening by electrons in solid, Eq. 
(1) gives an approximation of electron distribution length at the metallic surface. From the 
simulation results, we plot the electron concentration with respect to the voltage bias in Fig. 
2(b). Notice that a larger voltage bias induces more free-carrier accumulation. Since the free 
carrier change in the bulk region is barely noticeable when compared to the accumulation 
region, the electro-optic effect is mainly determined by the carrier accumulation region of 1 
nm thickness [18]. In practice, since extremely high electric field can be applied across the 
HfO2 layer under a moderate bias voltage, the electrical breakdown in the dielectric layer may 
limit the maximum amount of charge accumulation. According to our analysis, the maximum 
electric field across the 5-nm-thick HfO2 layer at 10 V bias is about 13 MV/cm in our design, 
and it is lower than a reported break down field of 15~40 MV/cm [31]. In the literature, the 
interface quality of both metal and silicon side is believed to be an important factor to obtain a 
high dielectric strength of HfO2. 

Meanwhile, it is well known that the optical property of the ITO material closely follows 
the Drude model, ε(ω) = ε∞-ωp

2/(ω2 + iωΓ), where ε∞ is the background permittivity, ωp the 
plasma frequency, ω the angular frequency, and Γ is the collision frequency. Several previous 
papers have calculated the permittivity of ITO using the experimentally measured reflectance 
and transmittance, and we choose a fitting result of Michelotti et. al (ε∞ = 3.9 and Γ = 2.9 × 
1015 s−1) [9, 10]. The plasma frequency ωp = (N0e

2/ε0meff)
0.5 is mainly determined by the ITO 

doping concentration, N0, which is in the range of 1019~1021 cm−3 depending on the deposition 
conditions, defect states, and film thicknesses [22]. In this paper, we consider that the doping 
is N0 = 3 × 1019 cm−3. 
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Fig. 3. (a) The real part of the ITO permittivity as a function of the operational frequency in the 
ITO accumulation region. The inset shows the imaginary part of the ITO permittivity. The 
horizontal dashed line indicates an ENZ regime. The arrows represent a direction in which a 
voltage bias increases. (b) Refractive index of the ITO’s accumulation layer for the 5 and 7 V 
bias. The two vertical dashed lines indicate the ENZ frequencies at each voltage. 

Based on the average electron densities with different voltage biases shown in Fig. 2(b), 
the complex permittivity and the refractive index values of the ITO layer are plotted at the 
near-infrared wavelengths in Fig. 3. It can be seen that a crossover frequency on which a real 
part of the permittivity becomes zero increases with the input bias voltage. This point is 
commonly referred to as an ENZ frequency. In fact, the absolute value of the permittivity 
does not become zero due to the non-zero imaginary part. As shown in the inset of Fig. 3(a), 
the imaginary part of the permittivity, which is related to the optical loss, grows with the 
voltage bias. Larger free carrier concentrations make the ITO’s optical property more 
metallic, and the accumulation layer becomes more lossy at the optical frequency range. 
Despite the absorption losses from the non-negligible imaginary part, the ENZ frequency 
plays an important role in the phase evolution within the modulator device. Moreover, it is 
important to note that the refractive index changes in the unity order depending on the voltage 
bias as shown in Fig. 3(b) [32]. This significantly affects the effective modal index of the slot 
waveguide modulator, and results in phase modulation. In the later sections, we will explain 
the detailed modulation mechanism in terms of the ENZ effects and ITO’s optical properties. 
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4. Modulation operation 

 

Fig. 4. Electric field intensity profiles at the wavelength of 1550 nm (xy plane), and the 
absolute values of Ey along the white lines (A-A’ and B-B’). (a) A TM mode profile at the 
“normal” state with 0 V bias. (b) A TM mode profile at the “ENZ” state with 5 V bias. Dashed 
rectangles illustrate the magnified views of the electric field intensity profiles near the core of 
the waveguide modulator. (c) The propagating electric field profiles of the “normal” (left 
column) and “ENZ” (right column) state obtained from 3D FEM simulations. 

There exist two fundamental modes with different polarizations at the near-infrared regime 
for the silicon waveguides and the proposed phase modulators: namely a TE and TM mode. 
These two modes are supported by both the rib and slot waveguide sections in Figs. 1(b) and 
1(c). Since the material layers of the device are vertically stacked, the TM mode experiences 
tighter light confinement into the active region than the TE mode and is more suitable for the 
modulation operation. Therefore, we only consider the TM polarization in our computer 
simulations. As an example, the mode profiles at two different voltage biases (0 and 5 V) are 
shown in Figs. 4(a) and 4(b). The mode profiles and the corresponding effective mode indices 
are obtained from a commercial software based on the finite element method (FEM) [33]. In 
this paper, we define an ‘ENZ’ and ‘normal’ state depending on whether a real part of the 
permittivity for the active region is zero or not. The electric field profiles for the ‘ENZ’ and 
‘normal’ mode are almost same except for the active carrier accumulation layer. In the case of 
the ‘normal’ state, the electromagnetic energy is spread over the whole ITO layer. On the 
other hand, the electric field for the ‘ENZ’ mode is intensively concentrated within the 
accumulation region of ITO with the thickness of λTF. This physical phenomenon is attributed 
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to the ENZ effect [14, 15]. Due to the boundary condition, the surface normal component of 
the electric field can be sharply increased near the active ENZ region, where the permittivity 
becomes extremely small. As a result, the tightly confined electric field within nanometer-
scale accumulation layer allows strong light-matter interactions capable of highly efficient 
amplitude and phase modulation. 

Figures 5(a) and 5(b) plot the effective modal refractive index (β(V, f)/k0 = neff) and the 
extinction coefficient (α(V, f)/k0 = κeff) for the propagating TM mode in the modulator section 
at the near-infrared regime with various voltage biases, respectively, where k0 is the vacuum 
phase constant. Note that β(V, f) and α(V, f) are the modal phase and attenuation constant, 
respectively, and they are the functions of the voltage bias, V, and the operating frequency, f. 
In Fig. 5(b), each curve has an absorption peak centered at the ENZ frequency. As the voltage 
bias increases, the peak frequency shifts toward a higher frequency and the peak values of α 
and κeff increase. Figure 5(c) represents a mode confinement factor as a function of the 
operational frequency. The mode confinement factor can be expressed as 

_
/ ,

ITO acc all
η= W(r)dr W(r)dr   which is the ratio of the electromagnetic energy confined in 

the accumulation layer of ITO [34, 35]. W(r) is the effective electro-magnetic energy density 
at a position r, and given by 
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where |E(r)|2 and |H(r)|2 are the electric and magnetic field intensity, respectively. ε(r) and μ0 
are the permittivity and vacuum permeability, respectively. The permittivity values for ITO 
are obtained from Figs. 3(a)-3(b). The mode confinement, η, gets maximized near the ENZ 
frequencies and its overall shape is nearly identical to the κeff curves in Fig. 5(b). This implies 
that the photons tightly confined within the accumulation layer at the ENZ frequency strongly 
interact with accumulated electrons and thus are efficiently absorbed with a high modal 
extinction coefficient. In short, the TM mode characteristics near the ENZ frequencies are 
largely determined by the optical properties of the ITO’s active region. As shown in the Fig. 
4(c), we confirm the ENZ effect more clearly through the propagating electro-magnetic wave 
in the modulator when the voltage bias is on the “normal” or “ENZ” state. Compared to the 
“normal” state, electric field in the “ENZ” state suffers from high absorption loss. In addition, 
since a higher voltage bias induces more electrons at the dielectric-ITO interface, the 
maximum absorption increases with the applied voltage. The combined effect of the higher 
electron concentration and tighter mode confinement at the accumulation region results in 
higher absorption peaks in Fig. 5(b). 
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Fig. 5. (a) A real and (b) imaginary part of the effective mode index for the TM mode with 
respect to the operational frequency. An ENZ frequency for each voltage bias is indicated by 
the dashed vertical lines with the corresponding color. (c) Mode confinement factor of the 
ITO’s active layer with respect to the operational frequency for various bias voltages. 

As mentioned before, the effective modal absorption is mostly affected by the optical 
properties of the ITO accumulation layer at the ENZ frequency. Most studies with the ITO-
based modulators have mainly focused on amplitude modulation between a ‘normal’ and 
‘ENZ’ mode as discussed in the previous section [14, 15]. However, it should be noted that 
the TM mode also undergoes dramatic changes of a modal phase constant, β(V, f) near the 
ENZ point in Fig. 5(a) because the ITO’s ENZ phenomena are closely related to electro-
refractive modulation as well as electro-absorption modulation [32]. 

The graphs in Fig. 5 show the feasibility of various phase modulation applications for the 
digital modulation schemes. For example, the binary phase shift keying (BPSK) modulation 
format has two different states (‘0’ and ‘1’) corresponding to a phase shift of 0 and π radians. 
To support such a BPSK scheme using our device, we can employ a modulation mechanism 
similar to the phase modulation from a microring resonator as previously reported in [21, 36]. 
A proper shift of the ENZ frequency and the effective modal index can generate a significant 
phase change while maintaining the output amplitude level unchanged. Figure 5(a) shows that 
the modal refractive index, β(V, f)/k0, is sharply altered near the ENZ frequency, resulting in a 
significant phase shift for the propagation mode in the frequency range between the two ENZ 
frequencies at different voltages. The electro-refractive modulation can be explained by two 
main factors: a mode confinement factor and the optical material properties of the active 
layer. As shown in Fig. 5(c), the mode confinement factor of the active layer is maximized at 
the ENZ frequency. At those points, the refractive index of the accumulation layer becomes 
much lower than those of the surrounding materials as shown in Fig. 3(b), resulting in sharp 
decrease of the slope in the effective modal index-frequency diagram in Fig. 5(a). 
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Fig. 6. Dependence of a phase constant (β(V, f)) and propagation loss on the operational 
frequency. The dc voltage bias, Vdc, is fixed to 6 V. The graphs show phase modulation 
operation when the voltage swing ΔV is (a) 6 V, (b) 4 V, (c) 2 V, respectively. Dashed red and 
black vertical lines represent an ENZ frequency for the corresponding input voltage. The black 
dots indicate the crossover points where the propagation losses become equal for two different 
input voltages. 

Figure 6 illustrates the digital phase modulation schemes with different voltage swings. By 
appropriately adjusting the modulator length, Lmodulator, a π radian phase shift can be achieved. 
When a central dc voltage bias is fixed at Vdc = 6 V, the modulator length for a π phase shift 
(Lπ) is calculated to be 11.8 μm (π/(β(9 V, 195 THz)-β(3 V, 195 THz)), Fig. 6(a)), 6.8 μm 
(π/(β(8 V, 205 THz)-β(4 V, 205 THz)), Fig. 6(b)), and 4.2 μm (π/(β(7 V, 210 THz)-β(5 V, 210 
THz)), Fig. 6(c)) at the various voltage swings and frequencies. These results show that a 
relatively small voltage swing is required to achieve the π phase shift within a short 
propagation length. In addition, the required π phase shift length of the modulator is 
extremely small when compared to the silicon p-n or p-i-n junction-based phase shifters [3, 
5]. In the case of the 6 V swing, our modulator has a decent modulation efficiency of VπLπ 
~0.0071 V·cm, where Vπ is the voltage swing required for a π radian phase shift. Given that 
the typical modulation efficiency of silicon-based waveguide modulators is in the range of 
0.01~1 V·cm, the proposed device has a great potential for high-density optoelectronic 
integrated circuits. 

Another important parameter related with phase modulation is the optical loss from 
propagation attenuation. As shown in Figs. 6(a)-6(c), π phase shift without output amplitude 
variation for the BPSK modulation scheme can be achieved at a point where two bell-shaped 
propagation loss curves intersect with each other. The corresponding loss for the device is 
given by 20(log10e) × α(V, f) × Lmodulator). For example, the propagation loss for the phase 
modulator operating at the 195 THz input optical frequency is calculated to be 4.60 dB 
((8.68πα(9 V, 195 THz))/(β(9 V, 195 THz)-β(3 V, 195 THz))). Since α(3 V, 195 THz) = α(9 V, 
195 THz) as shown in Fig. 6(a), the output signals for the 3 V and 9 V modulator biases 
experience the same amount of attenuation at the 195 THz input frequency, while their output 
phases differ by π. It is necessary to control the input voltage precisely to obtain phase-only 
modulation with minimal intensity fluctuation. It should also be noted that the propagation 
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attenuation for the π phase shift increases with the operational optical frequency as indicated 
in Fig. 6. 

5. Discussion 

 

Fig. 7. Simulation analysis of the modulation performance. (a) Mode coupling efficiency 
between a silicon rib waveguide and modulator depending on the voltage biases at 1550 nm. 
The inset figures show 3D propagation profiles for a ‘normal’ and ‘ENZ’ state in the modulator 
(a silicon_waveguide/ITO_modulator/silicon_waveguide structure). (b) Dependence of energy 
consumption per bit and propagation loss as a function of the voltage swing for π radian phase 
shift (Lmodulator = Lπ). The dc voltage bias is fixed at Vdc = 6 V. (c) Transient analysis of the 
average electron density in the ITO accumulation region. This transient graph represents a case 
with a voltage swing of ΔV = 2 V and a dc voltage of Vdc = 6 V. 

The important parameters that determine the modulation performance of the proposed device 
include the coupling efficiency with an input/output silicon waveguide, modulation speed, and 
energy consumption. First of all, high coupling efficiency over the broad frequency range is 
necessary to minimize the device’s insertion loss and to obtain good modulation efficiency. 
2D FEM simulations are performed to find out the fundamental TM modes in the silicon 
waveguide and modulator at the wavelength of 1550 nm. For 2D mode analysis, the coupling 
efficiency between the two modes can be obtained from a mode overlap integral over the 2D 
cross-sectional areas, which is given by 
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where Ewaveguide and Emodulator indicate the electric field distribution for the fundamental TM 
mode of the silicon rib waveguide and modulator in Figs. 1(b)-1(c). For 3D FEM simulations, 
the same mode overlap integral equation is applied for estimating the coupling efficiency at 
the interfaces between the input/output silicon waveguide and the proposed modulator. As 
shown in Fig. 7(a), the coupling efficiency decreases around a 5 V bias for both 2D and 3D 
simulations due to the highly confined electric field in the ITO’s accumulation region at the 
‘ENZ’ state. Although the coupling efficiency slightly depends on the voltage bias, it is 
maintained within the range of 70~80% regardless of the simulation methods. This implies 
that a mode mismatch between a silicon rib waveguide and the modulator is sufficiently low 
over the wide range of the voltage bias. 

Low energy consumption is another important factor which affects the overall modulation 
performance. To estimate the average energy efficiency for digital phase modulation, we 
apply a dynamic energy consumption equation of C(ΔV)2/4 [11], where C is the capacitance 
for the device and ΔV is the voltage swing. The values of C are obtained by multiplying C1μm 
(~1.3 fF/μm) and Lπ where C1μm is the capacitance per unit length directly extracted from the 
electrical simulation [25]. Figure 7(b) represents the dependence of the energy consumption 
and propagation loss on the voltage swing for the π phase shift when the dc voltage bias (Vdc) 
is 6 V. As expected, the required energy increases with the voltage swing. In addition, the 
propagation loss monotonically decreases in the range of 2 and 6 V because the absorption 
loss per unit length gradually decreases as mentioned in the previous section. However, the 
propagation loss sharply increases again when the voltage swing increases further to 8 V. In 
this case, the π phase shift length (Lπ) becomes too long, and the confined light loses most of 
its energy as it propagates through the modulator’s length of ~50 μm. Small energy 
consumption below 100 fJ/bit for future optical interconnect applications [37] can be achieved 
by a small voltage swing of ΔV~4 V with a relatively low propagation loss (~6 dB) and a 
short modulation length (6.8 μm). 

When there is no other external resistance and capacitance, an RC time constant typically 
limits the cutoff frequency and 3 dB modulation bandwidth. The internal resistance can be 
estimated from the resistivity of silicon and ITO as well as the modulator length. Assuming 
the p-type Si (doping concentration of 5 × 1017 cm−3) and ITO resistivity of 5 × 10−2 Ω·cm 
and 5 × 10−4 Ω·cm, respectively [27], the estimated device resistance is about 79 Ω for the 
device length of 4.2 μm. Considering the above-mentioned capacitance (C = ~5.6 fF for 4.2 
μm modulation length), the estimated RC-limited frequency is about 360 GHz. Meanwhile, 
Fig. 7(c) shows the transient analysis result for the electron density in the accumulation region 
of ITO obtained from the electrical simulation [25]. Notice that the modulation speed for the 2 
V swing is about 70 GHz. It is shown that the modulation speed is affected by the low 
mobility of ITO rather than a RC time constant because high doping of ITO and strong 
electric field across the HFO2 layer lowers the mobility of degenerate semiconductors. 
Nevertheless, the estimated device speed is sufficiently high for the integrated optical circuit 
applications [1]. 

6. Conclusion 

In summary, an electro-optic phase modulator based on a silicon slot waveguide with ITO is 
proposed. The device consists of two vertically stacked silicon layers and a core with ultra-
thin HfO2/ITO/HfO2 multilayers. Due to the refractive index difference between core 
materials and silicon, the electro-magnetic field can be tightly confined in the active material. 
When an external voltage bias is applied between the ITO thin film and the silicon layer, 
electron accumulation layers are formed, resulting in the epsilon-near-zero effect which 
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contributes to phase and amplitude modulation. With a voltage swing of as low as 2 V, the 
modulator experiences a large variation of the effective mode index, causing a π radian phase 
shift within the device length of <10 μm at 210 THz according to our computer simulations. 
The maximum modulation speed is estimated to be about 70 GHz, and the energy 
consumption of the device can be below 100 fJ/bit with an optimized voltage bias. The 
proposed amplitude-phase modulator has a variety of merits in respect to its ultra-
compactness, high power efficiency, and wide bandwidth for future on-chip optical 
communication modules and optoelectronic integrated circuits. 
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