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Abstract
We propose a detailed study of an on-chip optical modulator using a non-conventional sil-
icon-based platform. This platform is based on the optimum design of ultra-thin silicon 
on insulator waveguide. This platform is characterized by low field confinement inside the 
core waveguide and high sensitivity to the cladding index. Accordingly, it lends itself to 
a wide range of applications, such as sensing and optical modulation. By employing this 
waveguide into the Mach–Zehnder interferometer configuration, an efficient optical modu-
lator is reported using an organic polymer as an active material for the electro-optic effect. 
An extinction ratio of more than 20 dB is achieved with energy per bit of 13.21 fJ/bit for 
0.5 V applied voltage. This studied platform shows promising and adequate performance 
for modulation applications. It is cheap and easy to fabricate.

Keywords Interference · Modulation · Photonic structures · Mach–Zehnder interferometer · 
Ultra-thin

1 Introduction

Silicon Photonics is a CMOS-compatible platform technology that is power-efficient while 
approaching operating speed comparable to that of light (Reed et  al. 2010). Aiming at 
high-bandwidth systems with high operating speed, electronic and photonic circuits were 
integrated as in data-communication systems, which resulted in systems with outstand-
ing speed rates and lower power losses. Besides, photonic integrated circuits have been 
employed in different applications, including optical modulation, and sensing (Reed et al. 
2010; Ozbay et al. 2006; Fernandez et al. 2016).
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Optical modulators play a vital role in optoelectronic systems. Thanks to these com-
ponents, electronic signals are converted to optical signals that propagate using optical 
waveguides (Reed et  al. 2010). Commonly, optical modulation is done either through 
an Electro-optic effect (i.e., Pockels, Kerr) or a thermo-optic effect (Reed et al. 2010). 
While silicon lacks electro-optic effects, it has a high thermo-optical property at low 
speed (i.e., it cannot be employed in high-speed communication systems) (Cocorullo 
et al. 1992).

Various photonic based modulating structures have been demonstrated (Alloatti et  al. 
2014; Xiao et al. 2013). A silicon-organic hybrid modulator was proposed (Alloatti et al. 
2014) that operates at frequencies up to 100  GHz and beyond so that it can be used in 
electronic-photonic processing at high speed. Despite its large length of 500  μm, phase 
efficiency of 11 V.mm, and a capacitance per length of about 100 fF/mm with a parasitic 
resistance of few Giga-ohms. A high-speed silicon Mach–Zehnder modulator (MZM) with 
a low insertion loss of 1.9 dB was demonstrated (Xiao et al. 2013). Phase efficiency of less 
than 2 V·cm was achieved despite an arm length of 750 μm. High-performance modulation 
with an extinction ratio of 7.5 dB was delivered at 50 Gbps at the expense of an additional 
optical loss.

An MZM based on Lithium Niobate (LN) of thickness 600 nm on the top of silicon-on-
insulator (SOI) photonic circuit was demonstrated in (Weigel et al. 2018). For modulation, 
aluminum electrodes were placed on the top of the LN layer. Having a long device with 
5 mm as the arm length, the authors demonstrated a Phase efficiency of 6.7Vcm and an 
extinction ratio more than 20 dB. In addition, they demonstrated an ultra-high bandwidth 
exceeding 106 GHz.

Although LN has been widely used in modulation application, they usually suffer from 
etching difficulty which usually produces rough surfaces that results in high scattering 
losses around 3 dB/cm (Wang et  al. 2018a; Bahadori et  al. 2019). That was until 2017, 
where M. Zhang, et.al demonstrated LN waveguide with losses as low as ∼0.027 dB/cm 
(Zhang et al. 2017). MZM structure was demonstrated with a LN layer with thickness of 
600 nm with arm length of 20 mm (Wang et al. 2018b). In that paper, the authors demon-
strated an extinction ratio of 30 dB. Such a modulator allows direct driving by a CMOS 
circuit while the bandwidth of a similar 5-mm device reaches 100 GHz.

Another approach for optical modulation is based on Electro-optic polymers rather than 
lithium niobate. Polymers with r33 exceeding 300  pm/V are available (Luo et  al. 2007; 
Dalton et al. 2010). Chromophores hyperpolarizability predicts an r33 values even above 
1000 pm/V. Such r33 values are higher than the reported r33 values of LN by an order of 
magnitude or more. On the other hand, the refractive index for such EO polymers are in the 
range of 1.5–1.7 in the near-infrared range and even at microwave frequencies.

The used of EO polymers has been idely investigated for optical modulation in the 
recent years (Zhang et  al. 2013a; Lin et  al. 2010; Wang et  al. 2011; Zhang et  al. 2013; 
Zhang et al. 2016). Such devices showed high efficiency in terms of the phase efficiency, 
the bandwidth, and also the extinction ratio. Further studies reported a photonic crystal 
based EO modulator that is The 300-μm-long that exhibits a Vπ∼0.97 V (VπL = 0.29 Vmm) 
(Zhang et al. 2013). Slightly improved performance was reported with an improved meas-
ured EO BW of 15 GHz (Zhang et al. 2016).

Using silicon-slab waveguides, EO polymer layer was added as a cladding for the wave-
guide structure (Baehr-Jones et al. 2008; Ding et al. 2010; Hochberg et al. 2007, Sato et al. 
2017; Zwickel et al. 2020). Experimental demonstrations reported promising results with 
phase efficiency below 1Vcm (Baehr-Jones et al. 2008; Ding et al. 2010). More recently, tt 
was demonstrated in (Sato et al. 2017) that with an ultrathin (50 nm) silicon core with an 
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overlaying EO polymer layer that a Vπ of 0.9 V was measured together with a 3-dB band-
width of 23 GHz for a 10-mm-long device.

It appears from the paragraphs above that most of the current silicon photonics-based 
modulators are based on few hundreds of nanometer waveguide width that requires elec-
tron beam lithography technology (EBL) for fabricating these waveguides. Alternatively, 
it can be fabricated with a high-quality mask with a submicron dimension. However, this 
mask is also expensive and requires specialized technology to be produced.

Therefore, the need for a new platform for designing photonic structures with standard 
fabrication technology is necessary. With the proposed platform, standard and straightfor-
ward fabrication technology can be employed to fabricate structures with dimensions of 
more than 1.0 microns. Allowing for standard technology for mask preparation and effec-
tively alleviate the need for EBL technology. On the other hand, the suggested platform 
also has a unique feature for being more sensitive than other larger waveguide platforms 
such as ridge configuration, as will be explained through the manuscript.

The paper is organized as follows: Sect. 2 describes the properties of the proposed plat-
form, Sect. 3 studies the photonic modulator based on the proposed platform, and finally, 
Sect. 4 concludes the paper.

2  Ultra thin waveguide properties

Several studies previously proposed a similar platform to the one proposed in this work 
(Baehr-Jones et al. 2008; Ding et al. 2010; Hochberg et al. 2007; Sato et al. 2017; Zwickel 
et  al. 2020; Qiu et  al. 2015; He et  al. 2012; Zou et  al. 2015; Abdeen et  al. 2016;Ayoub 
et  al. 2017a; Ayoub et  al. 2018). The proposed platform is based on an ultra-thin SOI 
that supports the fundamental mode, as would be seen in a conventional SOI (t = 220 nm, 
W = 400 nm). The silicon waveguide is shown in Fig. 1, it has a thin thickness (t) of only 
50 nm.

The ultra-thin SOI technology supports only the TE mode owing to the small thickness. 
TE mode is defined by the mode whose major component is along the longer dimension in 
the plane of incidence (major electric field component along “W”). Due to the small thick-
ness, the TE mode has a low confinement factor inside the waveguide as shown in Fig. 1b 
(Abdeen et  al. 2016; Ayoub et  al. 2017a; Ayoub et  al. 2018; Ayoub et  al., 2017b). The 
mode profile in Fig. 1b was calculated using the mode solver of Lumerical (Lumerical). On 
the other hand, TM mode (i.e., major electric field component along “t”) can be supported 

Fig. 1  SOI ultra-thin waveguide structure. a Schematic for the physical dimensions of the ultra-thin wave-
guide. b Mode profile for the ultra-thin waveguide
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by expanding the thickness (t) of the waveguide as in a conventional waveguide that has a 
thickness of 220 nm. However, if t = 50 nm, regardless of (W), TM mode will not be sup-
ported by the waveguide.

In the SOI geometry, it is assumed that the surrounding is air, while the substrate is sili-
con dioxide  (SiO2) with a thickness of 1 µm to avoid leakage to the silicon wafer. Substrate 
leakage loss attenuation is given by the following Eq. (1) (Baehr-Jones et al. 2004):

where k
0
=

2�

�0
 is the free space wavenumber, neff  is the effective index of the mode, n

0
 is 

the effective index of the oxide layer, and A is the thickness of the oxide, in which for the 
given parameters ( �

0
=1550 nm, neff=1.55, n

0
=1.45, A=1 µm),�leak = 0.011 . Such value 

can be further suppressed by increasing the thickness ( A ) to 2–3 µm.
Modal analysis was done by varying the dimensions of the waveguide cross-section 

using mode solver of Lumerical (Lumerical).
We used Lumerical MODE for mode solving of the waveguide. An override mesh 

region was added for the ultra-thin silicon waveguide region to save the computational time 
and power. The mesh size in the override mesh region was set to 5 nm which is 10 times 
smaller than the dimension we used in our simulations.

The effect of changing the width of the waveguide “W” on the effective refractive index 
of the structure while keeping t = 50  nm is shown in Fig.  2. Only the first fundamental 
mode is supported with 700 nm < W < 2 µm, no modes are supported when W < 700 nm. 
On the other hand, multi-modes are supported given W > 2 µm. Throughout the paper, sili-
con waveguide with parameters (t = 50 nm, W = 2 µm) will be used. This waveguide can 
be fabricated using the standard fabrication process for the conventional waveguide. The 
fabrication steps are performed as follows: (1) performing a partial etching on silicon on 
insulator platform to get the required thickness (i.e., t = 50 nm), (2) then performing mask 
lithography, (3) development of the wafer, (4) performing the dry etching process to etch 
the unneeded Si layer, and (5) finally remove the etchant to reach the final structure. Fabri-
cation tolerance will not affect the overall performance, as seen in Fig. 2 in which the  neff 
is not oscillating as a function of the width, the fact that compensates the fabrication toler-
ances due to large width.

Referring to the work in Ref. (Qiu et al. 2015), field penetration into the EO polymer 
was preserved for thicknesses between t = 10 nm and t = 60 nm with the penetration lin-
early increases as the thickness decreases. However, the simulation results shows that the 
optical losses dramatically increases as the waveguide thickness decreases and therefore 

(1)�leak = e
−2

�√

n2
eff
−n2

0

�

k0A

Fig. 2  The effect of changing the 
waveguide width on the effective 
index. The substrate is assumed 
to be  SiO2 with air as the sur-
rounding
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t = 30  nm was selected as the optimum thickness in their design. Referring to the fabri-
cation tolerances, as shown in Ref (Qiu et  al. 2015), they showed that using inductively 
coupled plasma (ICP) etching with SF6 gas, they could reach the desired thickness of 
t = 30 nm which is already less than the thickness we aim at in our design. In addition in 
Ref. (Zou et al. 2015), they showed that using another fabrication technique as explained in 
(Zhou et al. 2012), they were able to reach a thickness of t = 60 nm.

During the computational analysis, the MZI has an arm length of 350 µm and a bending 
radius of 80 µm. The propagation loss is calculated for the waveguide to know the limita-
tions on the arm length. A propagation loss of 0.024 dB/cm is considered an acceptable 
value for the design of long-arm modulators as compared to loss values reported in (Qiu 
et  al. 2015). However, additional terms can include the bending loss of the MZI, which 
is in the range of 2.5 dB/cm at a bending radius of 80 µm. Adding a surface roughness of 
3 dB/cm can result in a total loss of around 0.2 dB for an arm length of 350 µm. In the fol-
lowing section, an ultra-thin MZI optical modulator is discussed in detail. A comparison 
with other modulation systems is also performed.

3  Ultra thin waveguide based photonic modulator

3.1  MZI based photonic modulator

Electromagnetic simulations are performed using the commercial Beam Propagation 
Method (BPM) (Opi-FDTD, Opti-wave]. Assuming polymer with the Pockels electro-optic 
effect, refractive index change is governed by Eq. (2) (Dalton et al. 1995):

where  no is the polymer refractive index at zero applied voltage and has a value of 1.6, Va is 
the applied voltage, tp is the thickness of the polymer, r

33
 represent the electro-optic effect 

and has a value of 310  pm/V. This polymer can be retrieved by a 1:1 mixture between 
(C28H21F3N4OS, molecular weight 518.6) and (C32H28F3N4O, molecular weight 541.6) 
(Kim et  al. 2007). Having tp = 200nm , resulted in a calculated metal absorption loss of 
24 dB/cm, yielding a total metal absorption loss of 0.84 dB for an arm length of 350 µm. 
“On” state is reached when applying voltage  Va = 2 V through the metal electrodes result-
ing in a refractive index change of Δn = 6.35 ∗ 10

−3 , as given by Eq. (2).
"On" state is reached when applying voltage  Va through the metal electrodes (silver). 

Although gold has better resistivity against oxidization than silver, however, it suffers much 
more than silver in terms of the optical losses which will affect the performance in terms 
of the output power level. Hence, silver was picked based on this point. In addition, silver 
is much cheaper for the fabrication process. Applying an applied voltage “Va” results in 
changing the refractive index of the polymer by which results in phase shift experienced by 
the optical mode and hence a phase shifted transmission versus the wavelength. Owing to 
the geometrical shape of the ultra thin waveguide, the field experience a low confinement 
in the core waveguide improving the field interaction with the surroundings as shown in 
Fig. 3b and hence higher extinction ratio can be achieved with much lower arm lengths 
which will result in a small-size, and lower power consumption optical modulator, making 
it a promising solution for many modulation applications in low-power photonic systems.

(2)Δn =
1

2
n3
0
r
33

Va

tp
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The refractive index change of the polymer due to an applied voltage is calculated and then 
the effective index of the cross sectional area of the waveguide is calculated using computa-
tional tools. After that the effective index is used inside the BPM commercial tool to calculate 
the transmission at selected wavelengths.

The schematic of the optical modulator design is shown in Fig. 3a. As discussed in the 
previous section, the TE mode is weakly confined in the ultra-thin waveguide, allowing for 
better penetration into the polymer, as shown in Fig. 3b. Field distribution is calculated using 
the mode solver of Lumerical (Lumerical). High field penetration into the polymer allows for 
a higher extinction ratio at significantly shorter arm length as compared to conventional SOI 
systems.

3.2  Modulator results

As mentioned in the previous section, during the computational analysis, the arm length was 
designed to be 350 µm with a bending radius of 80 µm, with a polymer thickness “ tpε of 
200 nm yielding an acceptable capacitance (C) value of 79.27 Ff without dramatically sup-
pressing the performance (Ayoub et  al. 2018). Assuming bit-rate  (Rbit) of 0.1Tbit/sec, the 
power consumption for a return to zero (RTZ) can be calculated using Eq. (3) (Timurdogan 
et al. 2014):

Assuming applied voltage Va=2 V, P = 0.0158W . Hence, ( Ebit =
1

2
CV2

a
) equals 158 fJ/bit 

(Ayoub et al. 2018). The half-wave voltage V� is calculated using Eq. (4):

where � is the arm length, Given the above parameters, V� = 0.697V and 
V�� = 2.44 ∗ 10 − 2V.cm . At an �

0
= 1550nm , the extinction ratio (ER) equals 11.3 dB 

(3)P =
1

2
RbitCV

2

a

(4)V� =
�
0
tp

n3
0
r
33
�

Fig. 3  MZI photonic modulator. a Schematic for the ultra-thin waveguide based MZI modulator. b mode 
profile inside the polymer, it shows the strong interaction between the optical mode and the polymer
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which is given by ER = 10log
Pon

Poff

 ; where Pon,Poff  is the power in the “On” and “Off” state, 
respectively (Reed et al. 2010).

Figure 4 shows the effect of changing the polymer thickness on the performance while 
setting the field Va

tp
 to a certain constant (i.e., ∆n has a constant value). A constant field is 

conserved by varying the Va for different tp . By doing this analysis, a compromise between 
ER and  Ebit is achieved.

In addition, Fig. 4 shows the  Ebit as a function of the tp for constant ∆n of 6.35*10–3 at 
different � . The arrows show the positions of the maximum extinction ratio (ER) for each 
� . For a � of 250 µm, a maximum ER of 25.14 dB occurs for tp of 50 nm while for a � of 
350 µm, a maximum ER of 23.02 occurs for tp of 150 nm. The previous study shows that 
for maintaining a maximum ER, tp has to be increased with increasing � . On the other side, 
by changing tp and � , V� will change in which V� is 0.25 V at ( � =250 µm, tp = 50 nm) 
while it is 0.52 V at ( � =350 µm, tp = 150 nm) which reflects the trade-off between  Ebit, 
and ER, and V� and the need to have an optimized design to compromise between these 
performance metrics.

Table 1 shows how the energy per bit and the extinction ratio (ER) are affected by the 
change in the polymer thickness which shows the tradeoff between the energy per bit and 
the ER.

Table  2 shows the effect of applying different voltages and using different chan-
nel lengths on the performance of the modulator in terms of the  Ebit, ER, and V�� met-
rics at �

0
= 1550nm . As shown in the table, modulator performance varies based on the 

design parameters selected for the optical design. From Table 2, it could be demonstrated 
that a polymer having a thickness of 150  nm at an applied voltage of 0.5  V represents 

Fig. 4  Ebit versus polymer thick-
ness ( �� ) for different MZI arm 
length

Table 1  Relation between the polymer thickness and the modulator key performance parameters at the tel-
ecommunication wavelength; 1310 nm and 1550 nm. The arm length here is assumed to be 350 µm with 
applied voltage 0.5 V. Here the is varying

Polymer 
thickness 
(d)

Ebit (fJ/bit) ER (dB)—
�
0
 = 1550 nm

ER (dB)—
�
0
 = 1310 nm

VΠ.L(V.m)—
�
0
 = 1550 nm

VΠ.L(V.m)—
�
0
 = 1310 nm

Waveguide 
Losses (dB/
mm)

200 9.91 4.43 24.44 2.44*10–4 2.06*10–4 24
150 13.21 20.36 3.47 1.83*10–4 1.55*10–4 25
100 19.82 14.06 15.99 1.22*10–4 1.03*10–4 26
50 39.64 9.63 3.58 0.61*10–4 0.52*10–4 27
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the best compromise between ER and  Ebit, and � at a wavelength of 1550  nm with an 
ER = 20.36 dB,  Ebit = 13.21 fJ/bit, and � = 350 µm.

A similar design was demonstrated in (Sato et al. 2017) in which an MZI based modula-
tor with ultra-thin silicon waveguide was fabricated. Although the design looks identical to 
the proposed design here, the performance of both models is quite different. In (Sato et al. 
2017), the MZI-based modulator has a propagation loss of 4 dB/cm compared to 0.024 dB/
cm in our paper. Owing to the high electro-optic coefficient of the polymer used here, we 
believe the ER will surpass the achievable ER in (Sato et  al. 2017) (i.e.,  r33 = 310 pm/v 
in the proposed work,  r33 = 70 pm/v in (Sato et  al. 2017). Besides, we reach  Ebit as low 
as 13.21 fJ/bit compared to 30.18 fJ/bit. Table 3 shows the performance of the proposed 
MZI based modulator as compared to silicon-based modulators previously proposed with 
different structures. As shown, the proposed model is considered a good compromise 
between each of ER and  Ebit. Assuming low doping concentration, the resistivity of silicon 
is around 10 Ohm.m. Whereas the waveguide has a thickness of 50 nm, and the area equals 
350 µm × 2 µm. The resistance is calculated to be 714 ohms. Hence, the speed of the modu-
lator can be estimated to be 17.66 GHz. The maximum modulation bandwidth (f) that can 
be achieved is inversely proportional to the change in the refractive index and is given by 
Eq. (5) (Liu et al. 2015):

Table 2  Different modulators design performance in terms of  Ebit, ER, and V�� at �
0
= 1550nm

Applied volt-
age (V)

Polymer thickness 
tp (nm)

Energy per bit 
 (Ebit) (fJ/bit)

(ER) (dB) Channel length 
( � ) (µm)

V��(V.cm)

2 V 150 151.2 16.8 250 1.83*10–2

150 211.7 20.1 350 1.83*10–2

1.5 V 150 84.96 12.97 250 1.83*10–2

150 118.94 23.02 350 1.83*10–2

1 V 150 37.76 6.27 250 1.83*10–2

150 52.86 22.44 350 1.83*10–2

0.5 V 150 9.44 2.93 250 1.83*10–2

150 13.21 20.36 350 1.83*10–2

Table 3  Comparison between 
the proposed structure and the 
previously proposed silicon-
based modulators

Modulation principle Modu-
lator 
structure

ER (dB) Ebit (fJ/bit)

Electro-optic
(wang et al. 2018)

MZI 30 –

Electro-optic
(sato et al. 2017)

MZI – 30.18 @Va = 2 V

Carrier-injection
(chen et al. 2009)

Ring 7 120

Carrier-depletion
(Dong et al. 2009)

Ring 6.5 50

Electro-optic
(Kieninger et al. 2020)

MZI 30 –

Electro-refractive (proposed) MZI 20.36 13.21
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where c is the speed of light in air. From this equation, for Δn = 6.35 ∗ 10
−3 , and arm 

length ( � ) of 350 µm, fmax = 3.37 ∗ 10
13Hz.

The transmitted intensity is plotted in Fig. 5 as a function of wavelength in which high 
ER is achieved at 1550 nm with  Ebit = 13.21 fJ/bit (Ayoub and Swillam 2018; 2017b).

4  Conclusion

MZI optical modulator based on the ultra-thin is presented in this paper. An MZI –based 
modulator is proposed. An extinction ratio of 20.36 dB at 1550 nm with an arm length 
of 350 µm is reported. With an applied voltage of 0.5 V, the low power consumption of 
0.0158 W is achieved at high speed rates.
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