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Abstract
Optical modulation is an essential process in the telecommunication technology. A sub-
femtojoule optical modulation based on low loss hybrid plasmonic waveguide which inte-
grates silicon, metal, and electro-optic material is demonstrated. Modulation is achieved 
through applying modulating voltage across the electro-optic layers. Firstly, a directional 
coupler modulator is designed and simulated, it showed a modulation depth of 26 dB, and 
energy consumption of 0.8 fJ/bit. Secondly, a Mach Zender interferometer circuit based 
modulator is designed and analyzed, with a modulation depth of 32 dB, and energy con-
sumption of 0.8 fJ/bit.

Keywords Optical modulators · Hybrid plasmonics · Directional couplers · Mach-Zender 
interferometers

1 Introduction

The accelerated developments in the telecommunication industry require optical modula-
tors with enhanced performances. The desired properties of optical modulators are high 
speeds, large bandwidths, low losses and low power consumptions. Moreover, to be inte-
grated with other photonic components in photonic integrated circuits, optical modula-
tors designs should be compact with minimized footprints. In the attempt to develop fast 
responding Electro-optical (EO) modulators, different platforms were investigated such as 
the silicon (Si), Silicon organic hybrid (SOH), and hybrid plasmonic platforms.

Silicon is the most established platform in the photonics industry due to its high index 
contrast with silicon dioxide  (SiO2), its low losses, and CMOS compatibility (Bogaerts 
et al. 2005). But, the inversion symmetry of the Si crystal lattice diminishes the EO effects 
in Si (Reed and G.T., 2008). Thus, the SOH platform was introduced to benefit from the 
strong wave guiding properties of Si and the EO effects of the integrated organic materials 
or electro-optic polymers EOPs (Leuthold et al. 2013). SOH modulators based on different 
devices (Mohamed et al. 2018; Pan et al. 2018; Wolf et al. 2018) were demonstrated.
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Plasmonics based modulators can be highly compact due to beating the classical 
diffraction limit (Gramotnev and Bozhevolnyi 2010), moreover, plasmonics are asso-
ciated with high electromagnetic fields enhancement and localization at metal/dielec-
tric interfaces (Maier and Atwater 2005), but they usually suffer from high propagation 
losses because of the intrinsic high free electron density. However, it is also possible to 
integrate plasmonic materials with strong EO materials to build the Plasmonic organic 
hybrid (POH) platform (Robinson et al. 2018; Koos et al. 2015). POH modulators based 
on directional couplers (Zografopoulos et al. 2016a; Thomaschewski et al. 2020), ring 
resonators (Zografopoulos et  al. 1039; Sherif et  al. 2019), and MZIs (Haffner et  al. 
2015) have shown promising performances.

In this work, we demonstrate sub-femtojoule optical modulation based on the hybrid 
plasmonic platform where we utilize the waveguide design from our previous work on 
a low loss waveguide structure which is composed of Si-Ag-EOP layers, where an opti-
cal modulator based on a racetrack resonator was demonstrated (Sherif et al. 2019). We 
hereby implement a more recently used EOP; the DLD-164 chromophore which is a 
high linear χ(2) material (Haffner et al. 2015; Elder et al. 2014) in our waveguide struc-
ture. Furthermore, we extend the impact of the low loss hybrid plasmonic structure on 
sub-femtojoule modulation through the directional coupler, and MZI mechanisms.

2  Hybrid plasmonic waveguide structure

The hybrid plasmonic waveguide is built of multi-layers as shown in Fig. 1, where on 
top of the Si substrate, the layers are arranged from bottom to top as;  SiO2 (BOX)-
Si-EOP-Ag-EOP-Si. The optimization of the waveguide in order to minimize inser-
tion losses was demonstrated in Sherif et  al. (2019). Hereby, we use the same opti-
mized waveguide parameters such that waveguide width is 400 nm, layers thicknesses 
are:tSi(bottom) = 140nm , tEOP(bottom) = tAg = tEOP(top) = 20nm, and tSi(top) = 160nm.

The fabrication of this device is feasible through the following steps; a  SiO2 substrate 
is patterned using photolithography and wet etching, then a Si layer is deposited on top 
of the patterned  SiO2 using chemical vapor deposition. The EOP is spin coated to cover 
the below Si layer. This is followed by Ag sputtering on top of the EOP layer to form a 
three-stack structure. Another Si wafer with a top layer of EOP through spin coating is 
pressed with the three-stack structure in a bonding process. The thick Si layer now on 
top can be thinned using reactive ion etching.

Fig. 1  Hybrid plasmonic wave-
guide structure
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2.1  Waveguide modes

When one the hybrid plasmonic waveguide is excited by a light source of wavelength in the 
near infra-red range with a central wavelength of 1.55 μm, the electromagnetic field inter-
acts with the surface plasmons at the Ag/DLD-164 interfaces and the hybrid plasmonic 
mode propagates through the DLD-164 layers. A commercially available waveguide simu-
lator was used for the calculation and characterization of the waveguide modes (https:// 
www. lumer ical. com/ produ cts/ mode/). Around the 1.55  μm wavelength, the waveguide 
supports two hybrid plasmonic modes. Firstly, the symmetric mode is characterized by its 
electric field symmetric polarity on both sides of the Ag layer. Secondly, the asymmet-
ric mode is characterized by its electric field opposite polarity on both sides of the Ag 
layer as observed from the electric field distributions of both modes in Fig. 2. Furthermore, 
the symmetric mode has a recognizable low loss of 0.015 dB/μm, and an effective index; 
 neff = 2.0707 + 0.0004j, while the asymmetric mode has a higher loss of 0.75 dB/μm, and 
an effective index;  neff = 3.005 + 0.02j.

2.2  Convergence testing

Numerical calculations can show some fluctuations in the eigenmodes of the waveguides. 
These fluctuations may arise from different origins such as meshing of the structures, and 
effects of the simulation boundaries. Thus, it is desirable that the meshing resolution is 
high enough and the simulation boundaries are large enough in order to limit the numerical 
errors in the simulations (Chrostowski and Hochberg 2015). Figure 3 shows the conver-
gence study of the symmetric mode with the 2D meshing, i.e., in both Y and Z coordinates. 
It can be observed that for low meshing accuracies the effective index values have higher 

Fig. 2  Calculated hybrid plas-
monic modes at λ = 1.55 μm; a 
symmetric mode, and b asym-
metric mode

Fig. 3  Symmetric mode conver-
gence with the number of mesh 
cells in Y and Z coordinates

https://www.lumerical.com/products/mode/
https://www.lumerical.com/products/mode/
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fluctuations, while for higher meshing accuracies (above 400 mesh cells) the effective 
index values converge to  neff = 2.0707.

2.3  Hybrid plasmonic mode coupling and misalignment loss

The infrared TM mode of a conventional SOI waveguide of 400 nm width and 360 nm 
thickness is coupled to the hybrid plasmonic waveguide symmetric mode through edge 
coupling, the two modes are shown in Fig. 4.

The coupling loss due to misalignment between these two modes is calculated by the 
overlap integral based modal expansion techniques and FDTD methods as shown in Fig. 5. 
The two methods show close loss values with a small difference of only 0.1 dB, and 0.2 dB 
for 50 nm misalignment in the horizontal and vertical directions, respectively. The devia-
tion is due to the limited number of modes taken in the mode expansion techniques.

3  Directional coupler modulator

The directional coupler consists of two identical hybrid plasmonic waveguides separated 
by a distance s as shown in Fig. 6. The Ag layer serves as the electrode for applying the 
modulating voltage. The top and bottom Si layers are connected to Ag contacts, so to 
decrease the high resistivity of intrinsic Si; we use a low n-doped Si of  1017   cm−3 car-
rier concentration, the Drude model parameters are based on (Gamal et  al. 2015), with 
permittivity �Si = 11.7 , plasma frequency �p = 3.56 × 1017rad∕s and collision frequency 

Fig. 4  a SOI waveguide TM 
mode, b hybrid plasmonic wave-
guide symmetric mode

Fig. 5  Edge coupling misalignment loss calculated by the overlap integral and FDTD methods in the a hori-
zontal, and b vertical directions



Sub‑femtojoule optical modulation based on hybrid plasmonic…

1 3

Page 5 of 10 179

Γ = 9.7 × 108rad∕s . The electro-optic polymer index variation with the applied voltage is 
given by Zografopoulos et al. 2016a; Sherif et al. 2019):

where  nEOP = 1.83 is the DLD-164 index around the 1.55 μm wavelength when no volt-
age is applied,  r33 = 180 pm/V is the electro-optic coefficient of the DLD-164 chromophore 
(Zografopoulos et al. 1039; Haffner et al. 2015), V is the applied voltage, and  tEOP is the 
thickness of the DLD-164 layer across which the voltage is applied.

When no voltage is applied across the DLD-164 layers, electromagnetic power is peri-
odically coupled and exchanged between the two arms of the directional coupler, the cou-
pling length is given by:

where λ is the operational wavelength, neven and nodd are the indices of the even and odd 
supermodes (Chrostowski and Hochberg 2015). When a small voltage is applied across 
the DLD-164 layers, its refractive index changes accordingly, thus, the supermodes indices 
also change, which results in a change in the coupling length given by (1).

This change in the coupling length affects the periodic exchange of power between the 
bar and cross arms, leading to a detectable optical power difference between the applied 
voltage levels. To maximize the difference in coupling length, the voltage is applied in 
a push–pull configuration such that the DLD-164 index increases in the bar, while it 
decreases in the cross. The transmission within the directional coupler is shown in Fig. 7 
for both states when no voltage is applied and when a 1.5 V is applied in a push–pull con-
figuration. A commercially available 3D FDTD Electromagnetic simulator was used for the 

(1)ΔnEOP = 0.5n3
EOP

r33
V

tEOP

(2)lc =
�

2(neven − nodd)

Fig. 6  Directional coupler modu-
lator design, a 3D view, and b 
cross-sectional view

Excita�on

s

Fig. 7  Power exchange between directional coupler arms at λ = 1.55 μm, and at an applied voltage of: a 0 V, 
and b 1.5 V
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device design and simulation of light propagation in the directional coupler device (https:// 
www. lumer ical. com/ produ cts/ fdtd/).

3.1  Modulation depth

Modulation is realizable by measuring the optical power variation through both the bar and 
cross arms. Modulation depth is calculated using the transmission T for both the OFF and 
ON voltage states:

The modulation depth calculated for a propagation distance of 50 μm is shown in Fig. 8, 
where it could be observed that for the cross arm, a modulation depth of 26 dB is achieved 
at a propagation distance of 23 μm which corresponds to an insertion loss of 0.7 dB, while 
a propagation distance of 26 μm is needed to achieve a modulation depth of 26 dB through 
the bar arm with an insertion loss of 0.8 dB, thus, for a more compact design, modulation 
through the bar arm would be favorable, such that the total footprint of the device is 23 μm 
X 1.2 μm.

The hybrid plasmonic mode profiles at the excitation position (d = 0  μm) and modu-
lation position (d = 23  μm) are shown in Fig.  9, where it can be observed that the in 
response to the applied voltage and associated change in coupling length, there has been a 

(3)MD(dB) = 10 × log(TON∕TOFF)

Fig. 8  Modulation depth for an 
applied voltage of 1.5 V

Fig. 9  Hybrid plasmonic mode 
profiles for: a 0 V, b 1.5 V 
applied voltage

https://www.lumerical.com/products/fdtd/
https://www.lumerical.com/products/fdtd/
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considerable change in the optical power in both the bar and cross arms. The modulation 
depth for different applied voltages/DLD-164 index change is shown in Fig. 10, where the 
increase in applied voltage results in an increased modulation depth.

3.2  Cross talk

The modulator crosstalk between the bar and cross arms is calculated for both OFF and ON 
states by:

It can be observed from Fig. 11 that the crosstalk is better than 25 dB for various opera-
tion positions, specially the 23 μm propagation distance.

3.3  Modulation speed

The response time of the DLD-164, and the time constant of the RC circuit are the main 
factors that may limit the modulation speed. The response times of EOPs are in the range 
of femtoseconds (Haffner et al. 2015). To calculate the RC time constant, the capacitance C 
and the resistance R of the circuit needs to be calculated, the capacitance is given by:

(4)crosstalk = 10 × log(T
cross

∕T
bar

)

Fig. 10  Modulation depth for dif-
ferent applied voltages/DLD-164 
index change

Fig. 11  Crosstalk between the 
directional coupler arms at 1.5 V
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 where A is the surface area of the DLD-164 layer which is equal to 0.4 μm X 15 μm (mod-
ulation at a propagation distance of 15 μm). Thus, one DLD-164 layer has a capacitance of 
9 fF, while the two parallel layers have a total capacitance of 18 fF. The resistivity of the 
 1017  cm−3 n-doped Si is equal to 0.087 Ωcm (Sherif et al. 2019). So, using:

The resistance of the 300 nm thick Si layers is 87 kΩ, this results in a modulation speed 
that reaches 600 Gbit/s. The power consumption is estimated by P = 2CV2f∕4 (Zografo-
poulos et al. 2016b), thus, for an applied voltage of 0.3 V which results in 13 dB modula-
tion depth (Fig. 9.), the energy consumption is limited to 0.8 fJ/bit.

4  Mach Zender modulator

Optical modulators based on MZIs have shown high speed with low insertion losses (Haf-
fner et al. 2015; Sato et al. 2017). In this section, we explore the potential of our low loss 
hybrid plasmonic waveguide to function as an optical modulator based on MZI. The hybrid 
plasmonic waveguide properties (effective index, loss) were exported from the waveguide 
simulator and mode solver (https:// www. lumer ical. com/ produ cts/ mode/) and imported to 
a photonic integrated circuit simulator (https:// www. lumer ical. com/ produ cts/ inter conne 
ct/) to design the MZI optical modulator. The implemented S-parameters of the Y-couplers 
and the TM grating couplers were experimentally verified by https:// github. com/ SiEPIC/ 
SiEPIC_ EBeam_ PDK/ wiki/ Insta llati on- instr uctio ns. Thus, a full imbalanced MZI circuit 
(Fig. 12) was built and simulated where the lengths of the two arms are 5 μm and 15 μm. 
The change in the applied voltage results in a change in the effective index which shifts the 
interferences spectral positions as shown in Fig. 13. Modulation is thus realized due to the 
intensity change at the operational wavelength.

(5)C = �o�DLD−164
A

tDLD−164

(6)R = �
tDLD−164

A

(7)speed =
1

�
=

1

RC

Fig. 12  Mach Zender Interferometer Circuit Modulator; a 3D view, b Simulated circuit

https://www.lumerical.com/products/mode/
https://www.lumerical.com/products/interconnect/
https://www.lumerical.com/products/interconnect/
https://github.com/SiEPIC/SiEPIC_EBeam_PDK/wiki/Installation-instructions
https://github.com/SiEPIC/SiEPIC_EBeam_PDK/wiki/Installation-instructions
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The modulation depth around the 1.55  μm wavelength for an applied 1.5  V reaches 
34 dB, with a total insertion loss of 8 dB. This insertion loss is larger than that of the dis-
cussed directional coupler due to implementing a full circuit with real experimental losses 
of the Y-couplers, and the grating couplers. The energy consumption is limited to 0.8 fJ/bit 
for a modulation depth of 24 dB.

5  Conclusions

A hybrid plasmonic waveguide was used to build low power consumption optical modula-
tors based on directional coupler and MZI mechanisms. The low loss of the excited sym-
metric hybrid plasmonic mode results in sub femtojoule power consumption per bit for the 
modulators operation with a modulation depth of 26 dB.
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