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Abstract  

In this manuscript a compact high speed optical 

Mach-Zehnder modulator with very low energy 

consumption based on hybrid plasmonic 

waveguide is presented. Compared to dielectric 

waveguide-based structures, large propagation 

constant of optical modes in hybrid plasmonic 

waveguides reduces the propagation length 

required for attaining necessary phase shift for 

proper operation of Mach-Zehnder 

interferometer. On the other hand, strong light 

confinement in hybrid plasmonic waveguide 

facilitates realization of relatively short bends 

(with small bend radius) and compact Y-

junctions which in turn reduces the overall 

footprint of modulator. Our simulations show 

theoretical modulation speed of more than 1 

THz and very low energy consumption about 17 

fJ/bit. In addition, the modulation depths as 

high as 25 dB are achievable by applying 

voltages between + 3 V and -3 V, in a push-pull 

configuration. Apart from electrodes, the 

overall footprint is about ~120 m2 which is, 

based on our knowledge, very smaller than that 

of common Mach-Zehnder modulators. 

 

Keywords: Hybrid plasmonic waveguide, Mach-

Zehnder interferometer, Optical modulator. 
 

Introduction  
Plasmonic technology is expected to revolutionize 

optical interconnects by bringing several 

advantages such as high bandwidth, low energy 

consumption and light localization beyond 
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fundamental diffraction limit which can potentially 

lead to optical device integration with sizes 

comparable to electronics. In recent years, among 

various kinds of proposed plasmonic waveguides, 

hybrid plasmonic waveguides (HPWs) have 

attracted significant attentions [1] because of 

introducing good tradeoff between light 

confinement and propagation length. A HPW is 

formed by sandwiching a dielectric region between 

a metal and Si, while the refractive index of the 

intermediate dielectric material is less than that of 

Si. Because of interesting properties of HPWs 

many researchers have investigated HPW-based 

passive optical elements such as directional coupler 

[2], power splitter [3], and polarizer [4], both 

theoretically and experimentally. Strong light 

confinement and therefore strong light matter 

interaction inside a HPW can also be used to 

reduce the overall footprint of optical active 

elements such as optical modulators. During recent 

years HPW-based optical phase modulator [5], 

electro-absorption modulator [6], and intensity 

modulator [7, 8] in metal-oxide-semiconductor 

(MOS) capacitor scheme, have been theoretically 

investigated. In these devices, free carrier 

dispersion effect in the silicon region is employed 

for achieving refractive index change and therefore 

realizing optical modulation. However, this effect 

is relatively weak and limits the modulator 

performance parameters such as modulation 

bandwidth and modulation depth. In addition, 

overall footprint of the device should be relatively 

large to compensate for weak interaction 

mechanism and large footprint of the device 

necessitates high power consumption. As an 

alternative structure, by using an electro-optic (EO) 

polymer with large EO coefficient as the low 

refractive index layer of HPW, the above 

mentioned limitations can be contravened. 

Although this approach has been employed in 

phase modulator [9] and directional-coupler-based 

intensity modulator [10], but to the best of our 

knowledge, plasmonic Mach-Zehnder modulator 

(PMZM) based on Si-polymer-metal HPW has not 

been presented. 

In this paper, we propose a high-speed compact 

PMZM with low energy consumption based on Si-

polymer-metal HPW. The strong light confinement 
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in HPW allows to realize compact Y-

splitter/combiner which has been previously 

demonstrated [3]. Moreover, high electro-optic 

coefficient of polymer reduces the propagation 

length required for achieving a specific phase 

change and therefore provides the possibility of 

realization of compact PMZM. Our simulations 

show modulation depth of more than ~25 dB, 

modulation speed of more than 1 THz, and energy 

consumption of~17 fJ/bit for the proposed device. 

The rest of paper is organized as follows. In section 

2, the structure and design of PMZM is discussed. 

The performance of PMZM is presented in section 

3. Finally, in section 4, a brief summary and the 

concluding remarks are provided. 

 

Device structure and design 

The schematic of PMZM is depicted in Fig. 1(a). 

The modulator is made of two Y splitter/combiner 

sections with an interposed phase shifter region. 

The cross sectional view of proposed HPW is 

shown in Fig. 1(b). It is composed of a silicon rib 

waveguide buried in an EO polymer and a silver 

cap placed on silicon ridge. The structure is formed 

on a SiO2 substrate. The refractive index of Si and 

SiO2 are considered to be nSi=3.476, and 

nSiO2=1.444, respectively [11]. Using Drude-

Lorentz model, the refractive index of 0.14+11.2i is 

estimated for silver at =1.55m [12]. In addition, 

electro-optic coefficient and refractive index of 

polymer is considered to be r33 = 200 V/pm and 

npolymer=1.6, respectively [10]. 

Fig. 1(c) shows the cross sectional view of phase 

shifter region. The phase difference between two 

arms of PMZM which is necessary for proper 

operation of the modulator is achieved by changing 

the refractive index of polymer through applying 

an electric field. Required electric field is formed 

by applying voltage to the contacts which are 

composed of doped silicon rib waveguide and 

silver cap over each waveguide. The silicon region 

is considered to be doped by Boron with 

concentration of 1018cm-3.Also,in order to achieve 

good ohmic contact and reduce the resistance, the 

outer side of 50 nm slab (pedestal) is highly doped 

(1021 cm-3).It should be mentioned that reduction of 

waveguide resistance is desirable because lower 

resistance results in lower RC delay and therefore 

higher modulation speed. 

As it was mentioned earlier in the proposed 

structure, Mach-Zehnder is implemented in push-

pull scheme. It means that the voltage applied to 

each Mach-Zehnder arm introduces the same 

amount of phase shifts as in the other arm but with 

different sign (see Fig. 1(a)). 

 

 

 
Fig. 1. (a) The schematic of PMZM. (b) The cross sectional 

view of proposed HPW. (c) The cross sectional view of phase 

shifter region. 

 

The Ey field distribution of TM-like fundamental 

mode obtained by mode solution using FDTD 

method is illustrated in the inset of Fig. 2. It shows  

large electric field confinement in the gap region 

which confirms that the optical mode can be 

modulated through slightly changing refractive 

index of electro-optic polymer by applying 

relatively small voltages.  
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Fig. 2. The major electric field component Ey of fundamental 

TM-like mode 

 

The effective refractive index changes of the 

polymer layer of the HPW, neff, due to an applied 

voltage V across the polymer (between silver cap 

and silicon) is given by [13]: 

 

                      3
33 2 geffn n r V h      (1) 

 

Where Γ is the electro-optic modulation efficiency 

defined as ratio of the effective refractive index 

change of HPW to that of polymer and its value 

depends on geometry and material properties and 

can be obtained as [13] 

    

 
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          (2) 

Where EOpt(x,y) is the optical mode electric field 

distribution and EV(x,y) is the electric filed 

distribution under the applied voltage, V. 

We choose the relevant geometrical dimensions, 

outlined in Fig. 1(b), as w = 200 nm, hsi = 200 nm, 

hs = 50 nm, hg= 50 nm and hm = 100 nm in such a 

way that tight confinement, high propagation 

length, feasible fabrication and high modulation 

efficiency is achieved. 

The change in the effective refractive index of the 

polymer layer neff introduces a phase change of 

the  in the optical mode after propagating a 

distance LPH that is equal to;

   2 eff PHn L       , where in this equationis 

the wavelength of interest. The phase change 

is shown in Fig. 3(a) as a function of 

propagation length for different values of applied 

voltage at =1.55 m. 

As it can be seen, the propagation length needed for 

achieving phase shift in push-pull configuration 

is LPH 25 m at the applied voltage of V= 3 V. 

The Y-splitter is another important section of 

PMZM that should be designed in such a way that 

minimal loss and footprint attained. As shown in 

Fig. 3(b), the bending loss of HPW increases as 

bending radii decreases. But, loss of Y-splitter 

reduces because of decreasing the length. Since the 

loss due to propagation is much larger than the 

bending loss, we have chosen the radii of Y-splitter 

to be equal to 1 m. In this way, the overall loss of 

the Y-splitter will be minimized. By setting radii of 

bends in the Y-splitter equal to 1m and length of 

each Mach-Zehnder arm equal to 25 m, the 

overall length and width of Mach-Zehnder will be 

30 m and 4 m, respectively. Therefore, by using 

these values for geometrical dimensions of the 

structure, apart from electrodes needed for 

applying voltage, the overall footprint of PMZM is 

~ 30×4=120 m2which is based on our knowledge 

very smaller than that of MZI-based modulator 

[14]. 

 
(a) 

 
(b) 

Fig. 3. (a) Phase shift versus the length of HPW for different 

applied voltages. (b) Bending loss and loss of each branch of 

Y- The inset shows the shape and 

radius of Y-splitter. 
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Simulation results 

According to the interference theory of the Mach-

Zehnder interferometer, the power transmission, 

T(λ), can be obtained as follows, assuming unity 

power launched [15]: 

         2exp 2 coss s PH PHT L L                (3) 

Where s and Ls are the propagation loss and s-

bend length of Y-splitter, respectively, and 
PH is 

the propagation loss of PMZM arm. 

The power transmission spectrum of PMZM 

simulated by Lumerical software for various DC 

voltages applied to the arms is shown in Fig. 4. In 

this figure, overall applied voltage is considered i.e. 

V = (V+ V) in Fig. 1(c). As we can see, the 

modulation depth of more than 25 dB in a wide 

wavelength range is obtained at total applied 

voltage of V = 6 V (+3 V applied to one of the 

Mach-Zehnder arms and -3 V applied to the other). 

The insertion loss is calculated to be 4.6 dB which 

arises from inherent loss of HPW. 

 
Fig. 4. Power transmission spectrum of PMZM for different 

voltages. 

 

The modulation speed of PMZM depends on 

response time of electro-optic polymer and 

resistive-capacitive (RC) time delay of the 

structure.In the proposed structure, in each phase 

shift region a parallel plate capacitor is formed 

between the top silver layer and the doped silicon 

layer. The electro-optic polymer serves as 

dielectric layer of this capacitor. Electrostatic 

simulation of the structure shows the capacitance 

of ~3.7 fF for this structure. Also, the resistance of 

doped silicon ridge and 50 nm doped silicon slab is 

found to be ~150 Ω. Thus, the RC response time is 

about 555 fs which leads to a modulation speed of 

more than 1THz which is an order of magnitude 

larger than modulation speed of previously 

reported hybrid-plasmonic waveguide- based 

modulators [10]. This large value of modulation 

can be mainly attributed to the small resistance of 

the proposed structure obtained by relatively high 

level of doping in the silicon layer. In a normal 

dielectric waveguide such a high level of doping 

causes large optical losses while in the proposed 

hybrid-plasmonic waveguide, because of strong 

field confinement inside the polymer layer does not 

result in substantial loss. 

The energy consumption per bit, as another 

important performance parameter of an optical 

modulator, can be calculated according to the 

following formula [16]: 

  2/ 2ppEnergy bit CV                    (4)  

Using the corresponding values for our PMZM in 

the above formula results in energy consumption 

per bit of 16.6 fJ/bit at voltage of ±3 V, which is 

smaller than values reported for HPW-based Mach-

Zehnder optical modulators [7, 10].To sum up, low 

power consumption of 16.67 fJ/bit together with 

high modulation speed of 1 THz and small 
2 are main advantages of the 

proposed structure. 

 

Conclusion 
 

In this paper, we investigated a compact high speed 

PMZM with low energy consumption. The 

proposed PMZM is based on silicon-polymer-metal 
2. 

Our simulation reveals that the theoretical speed of 

PMZM is more than of 1 THz and low energy 

consumption per bit of 16.6 fJ/bit is achievable 

with the applied voltage of ±3 V. In addition, the 

proposed structure offers modulation depth of more 

than 25 dB. 
 

References  
[1] D. Dai and S. He, "A silicon-based hybrid 

plasmonic waveguide with a metal cap for a nano-

scale light confinement," Optics Express, vol. 17, 

pp. 16646-16653, 2009. 

[2] F. Lou, Z. Wang, D. Dai,et al., "Experimental 

demonstration of ultra-compact directional 

couplers based on silicon hybrid plasmonic 

waveguides," Applied Physics Letters, vol. 100, p. 

241105, 2012. 

[3] M. Wu, Z. Han, and V. Van, "Conductor-gap-

silicon plasmonic waveguides and passive 

1.4 1.45 1.5 1.55 1.6 1.65 1.7
-30

-25

-20

-15

-10

-5

0

T
ra

n
s
m

is
s
io

n
 (

d
B

)

Wavelength ( m)

 

 

v = 0 V v = 2 V v = 4 V v = 5 V v = 6 V

(modulation depth) > 25
dB

 [
 D

ow
nl

oa
de

d 
fr

om
 m

je
e.

m
od

ar
es

.a
c.

ir
 o

n 
20

25
-0

7-
15

 ]
 

                               4 / 5

https://mjee.modares.ac.ir/article-17-6214-en.html


JANJAN ET AL HIGH-SPEED LOW POWER PLASMONIC MACH-ZEHNDER MODULATOR WITH SMALL FOOT-PRINT  

39 

 

components at subwavelength scale," Optics 

Express, vol. 18, pp. 11728-11736, 2010. 

[4] M. Z. Alam, J. S. Aitchison, and M. Mojahedi, 

"Compact and silicon-on-insulator-compatible 

hybrid plasmonic TE-pass polarizer," Optics 

Letters, vol. 37, pp. 55-57, 2012. 

[5] S. Zhu, G. Q. Lo, and D. L. Kwong, "Phase 

modulation in horizontal metal-insulator-silicon-

insulator-metal plasmonic waveguides," Optics 

Express, vol. 21, pp. 8320-8330, 2013. 

[6]   S. Zhu, G. Q. Lo, and D. L. Kwong, "Electro-

absorption modulation in horizontal metal-

insulator-silicon-insulator-metal nanoplasmonic 

slot waveguides," Applied Physics Letters, vol. 99, 

p. 151114, 2011. 

[7]   S. Zhu, G. Q. Lo, and D. L. Kwong, "Theoretical 

investigation of ultracompact and athermal Si 

electro-optic modulator based on Cu-TiO2-Si 

hybrid plasmonic donut resonator," Opt Express, 

vol. 21, pp. 12699-712, May 20 2013. 

[8] S. Zhu, G. Q. Lo, and D. L. Kwong, "Theoretical 

investigation of silicon MOS-type plasmonic slot 

waveguide based MZI modulators," Optics 

Express, vol. 18, pp. 27802-27819, 2010. 

[9] X. Sun, L. Zhou, X. Li, ,et al.,"Design and analysis 

of a phase modulator based on a metal-polymer-

silicon hybrid plasmonic waveguide," Applied 

Optics, vol. 50, pp. 3428-3434, 2011. 

[10]  S. Xiaomeng, Z. Linjie, Z. Haike, et al., "Design 

and Analysis of a Miniature Intensity Modulator 

Based on a Silicon-Polymer-Metal Hybrid 

Plasmonic Waveguide," IEEE Journal Photonics, 

vol. 6, pp. 1-10, 2014. 

[11] E. D. Palik, Handbook of Optical Constants of 

Solids: Academic Press, 1998. 

[12] P. B. Johnson and R. W. Christy, "Optical 

Constants of the Noble Metals," Physical Review 

B, vol. 6, pp. 4370-4379, 1972. 

[13]  C.T. Zheng, C.-S. Ma, X. Yan, et al., "Design of 

wide-spectrum polymer Mach-Zehnder 

interferometer electro-optic switches using two 

symmetric N-th order phase-generating couplers," 

Optics Communications, vol. 283, pp. 3962-3969, 

2010. 

[14]  L. Guoliang, A. V. Krishnamoorthy, I. Shubin, et 

al., "Ring Resonator Modulators in Silicon for 

Interchip Photonic Links," IEEE Journal of 

Selected Topics in Quantum Electronics, , vol. 19, 

pp. 95-113, 2013. 

[15] H. Li, Y. Anugrah, S. J. Koester, et al., "Optical 

absorption in graphene integrated on silicon 

waveguides," Applied Physics Letters, vol. 101, p. 

111110, 2012 

[16]  A. Melikyan, L. Alloatti, A. Muslija, et al., "High-

speed plasmonic phase modulators," Nat Photon, 

vol. 8, pp. 229-233, 2014. 
 

 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

je
e.

m
od

ar
es

.a
c.

ir
 o

n 
20

25
-0

7-
15

 ]
 

Powered by TCPDF (www.tcpdf.org)

                               5 / 5

https://mjee.modares.ac.ir/article-17-6214-en.html
http://www.tcpdf.org

