
 

 

Technological advancements such as Artificial Intelligence, 

Internet of Things, 5G, etc. have paved the way for the 

increase in internet traffic. Internet traffic is growing at an 

alarming rate due to the increase in file sharing, video calls, 

online conferences, meetings, video streaming, and business 

transactions and so on [1]. This increase in network traffic has 

put pressure on the data centres that process these requests. 

International Telecommunication Union has provided 

regulations in utilising the optical bandwidth. To meet the 

futuristic network demand, Silicon photonics 

(SiPh)technology has been introduced. Si Ph provides a cost-

effective method to integrate the electronic and photonic 
components on a Si chip utilising the advantages of the CMOS 

fabrication technology [2] & [3].  

For high-speed data transmission link between electronic 

and optic components, the optical modulator plays a vital role 

[4 -6]. Hybrid optical modulators with materials such as 

Indium Tin Oxide, graphene, [7 - 13] etc. provide high 

modulation efficiency but are not CMOS fabrication 

compatible as silicon. Modulation in silicon optical 

modulators follows the principle of plasma dispersion effect. 

The external voltage bias causes a carrier concentration 

change in the doped region which in turns leads to the 

effective index variation [14]. Carrier injection by forward 

bias voltage and carrier depletion by reverse bias voltage is the 

standard plasma dispersion techniques used. The carrier 

injection technique has a drawback of low 3dB bandwidth due 

to high diffusion junction capacitance and long free-carrier 

lifetime, even though high modulation efficiency (low VπL) is 

obtained [4]. The carrier depletion techniques (CDT) 

overcomes this drawback and also supports high-speed data 

transmission [15] & [16]. The disadvantage in carrier 

depletion is the low modulation efficiency (high VπL). Among 

the optical modulators available Mach Zehnder modulator 

(MZM) is preferred for its thermal stability, ease of fabrication 

and high performance. The shortcoming in an MZM is the 

high power consumption and large footprint [17].  

The modulator’s performance is based on the efficiency of 

the phase shifter, which is based on the doping pattern and 

concentration used. Based on the doping pattern, the phase 

shifter is classified into interleaved, vertical and horizontal 

type [18 – 25]. Multiple PN junctions along the phase shifter 

length provide high modulation efficiency in interleaved type 

phase shifter but at the expense of fabrication complexity. 

Horizontal type phase shifters reduced the fabrication 

complexity and used low doping concentration at the cost of 

phase shifter length. The phase shifter length was reduced in 

vertical type by using high doping concentrated vertical slabs. 

Free carrier absorption loss increases with the increase of 

carrier concentration. Slot like structures were used in [26 – 

28] to reduce the loss and to increase the light-matter 
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interaction. Travelling wave electrode (TWE) design is 

preferred over lumped design, as they are RC time constant 

independent. TWE supports CDT mode operation [29–31] but 

has a large footprint.  

By reducing the doping region and utilising the advantages 

of horizontal and vertical type doping in a phase shifter, a 

novel plus-shaped PN junction phase shifter design with high 

modulation efficiency is proposed. The parameters that 

influence the design structure are discussed in section II. The 

objective is to design an optimised carrier depletion type plus-

shaped phase shifter with very low VπL, and thus the 

drawback of the MZM is overcome. Silicon MZM with the 

proposed phase shifter will meet the demands of the high-

speed data transmission in inter and intra data centre 

applications. The simulation results are analysed in section III. 

A rib waveguide with width 500nm (Wrib), ridge thickness 

220nm (trib) with etching depth of 90nm is considered for the 

work as it is of fabrication standards and offers better optical 

confinement with single-mode (TE1) operation.  

 

 
Fig 1: Light propagation through the rib waveguide (500 × 220 nm) 

 

 
Fig 2: 3D view of the plus-shaped phase shifter 

 

The simulation analysis was performed in an analytical tool 

[32].The light propagation through the waveguide is shown in 

figure 1. An offset of 100nm from the centre of the waveguide 

is followed for the PN junction to improve the phase 

efficiency. The width of the N doped region is set to 150nm 

and the thickness of (P and N) slabs set to 70nm. Since holes 

have a larger index shift, and lower absorption than electrons, 

[7] the concentrations of P and N dopants are set to 910
17

 cm
-

3
 and 710

17
 cm

-3
, respectively. Slab resistance is reduced with 

110
19

 cm
-3

 carrier concentration of P+ and N+ doped region 

at the edge of the waveguide. Aluminium electrodes (Al) are 

used as electrical contacts. The length of the phase shifter (L) 

was fixed to 3.5mm and the 3D view of the plus-shaped phase 

shifter is shown in figure 2.To keep power consumption 

further minimum, the driving voltage of a maximum 5 V is 

applied to the cathode (V = 0 to 5V). 

The analysis was classified into two parts, device-level 

simulation and system-level simulation (Fig. 3). In the device-

level simulation, the electro-optic and the RF characteristics of 

the proposed phase shifter (PS) was performed using the 

finite-difference eigen mode (FDE) analysis (Fig 3.a). For 

system-level analysis, the designed phase shifter parameters 

were imported into MZM (PS-MZM) in Lumerical 

Interconnect (Fig 3.b). High-speed data rate and long-distance 

transmission analysis were also performed to analyse the PS-

MZM’s performance for data centre on and off-chip 

transmission application respectively. 

 

 
Fig 3: Simulation flow for result analysis (a) Device-level simulation 

process (b) System-level simulation process 

a. Device level analysis 

The reverse bias voltage to the phase shifter was varied to 

analyse the electro-optic performance of the phase shifter. 

When the bias voltage is increased, the carriers are depleted 

from the PN junction. This reduces the carrier density, and 

thus the capacitance in the junction is reduced as shown in 

Figure 4. Thus the capacitance of the junction (C) is based on 

the hole (    and electron (  )density (1),  

 

   
              

      
      

            
                                                  (1) 

 

where q denotes the electric charge,  the dielectric 

constant,   therelative permittivity and   the diffusion 

potential. 

2. Device Structure 

3. Result Analysis 
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Fig 4: Capacitance of the junction of the proposed phase shifter for 

varying bias voltage 

 

Carrier depletion has an impact on the absorption 

coefficient      and refractive index      of the phase shifter. 

Their mathematical relationship ((2) and (3)) was expressed 

by Soref and Bennett in [14].  

 

                              
                    (2) 

 

                                                    (3) 

 

The optical property of the Phase shifter is altered by the 

effective index change (5) with voltage (        ). This 

causes a phase shift ( ) on the propagating optical wave along 

the phase shifter length    which is calculated by (6).  

 

                                                                (4) 

 

where neff,idenotes the effective index of the waveguide 

without doping. 

 

                                                                    (5) 

 

     
          

  
                                                              (6) 

 

The absorption coefficient  along the PS (z-axis) is 

obtained from (7).  

 

     
                     

                
                                       (7) 

 

where x, y denotes the waveguide dimension coordinates, 

and z denotes the length coordinate of the phase shifter, 

and          the optical intensity distribution of the 

waveguide mode. 

The absorption loss contributes to the significant portion of 

the total loss in the phase shifter. Absorption loss is due to the 

absorption of photons by the carriers (free carrier absorption 

loss). With the increase in voltage, the carriers are depleted 

from the junction, and this reduces the carrier absorption loss 

along the phase shifter (Figure 5). When the P doped region 

(Wp) is large, the free carriers present were high thus, the loss 

is high though the phase shift is obtained at lower voltages. 

When the P doped region is small, the loss is reduced, and due 

to very low carrier concentration variation, the required phase 

shift obtained is at a higher voltage. It is observed that with 

Wp= 100nm a lower loss and required π phase shift is 

obtained within the voltage limits set. When reducing the Wp 

less than 100nm the loss is reduced but at the cost of phase 

efficiency. The required phase shift for modulation is obtained 

at a reverse bias voltage of 3.05V (Vπ) in the proposed design 

for 3.5mm phase shifter length with a loss of 4.1 dB. The 

variation of Vπ along with the loss as a function of the phase 

shifter length is shown in figure 6. With the increase in length, 

Vπ reduces as the propagating optical wave is exposed to the 

phase shift change throughout the phase shifter length. But as 

the interaction of the carriers with the optical mode is 

increased with length, the loss increases with length and 

operating speed decreases. This forms the trade-off condition 

between Vπ and length of the phase shifter.  

  

 
Fig 5: Loss vs voltage for varying Wp in the proposed phase shifter 

design of length 3.5mm 

 
Fig 6: Vπ and loss variation with respect to the length of the phase 

shifter for the proposed phase shifter design with Wp = 100nm 

At ideal conditions, the 3dB intrinsic bandwidth (     
 

    
) of the proposed phase shifter is calculated to be 

37.7GHz. A travelling wave electrode is introduced to 

overcome RC time constant and to tightly couple the RF 

microwave with the optical wave. For strong coupling, the 

optical group index (OGI) has to be equal to the effective 

index at a particular frequency. At 26GHz, the index matching 

takes place, leading to the maximum coupling between RF 
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mode and optical mode. 3 dB/cm loss was calculated at 

26GHz, as shown in figure 7, and it is witnessed that loss is 

directly proportional to microwave frequency. 6dB bandwidth 

of 24.75GHz is attained for the designed structure of length 

3.5mm (Fig. 8) and ensures that the device can be utilised for 

high-speed data rate communication applications.   

 

 
Fig 7: RF effective index and Loss acquired with respect to frequency 

 

 
Fig 8: Electrical S21 (dB) with respect to frequency 

b. System-level analysis 

The dynamic performance of an unbalanced MZM 

incorporated with the designed phase shifter (PS-MZM) is 

studied. The PS-MZM has an intentional length variation of 

100µm with longer arm provided a fixed bias voltage of 0.5V 

and an alternating voltage swing (Vpp) with DC reverse bias 

(Vdc) is applied to the other arm. The pseudo-random bit 

sequence (PRBS) generator at 80Gbps produces the message 

data. An electrical signal generator with NRZ line coding 

technique was used to convert logical data into electrical 

message signal. The CW Laser generates the carrier signal at 

1552.5nm.The received modulated signal is demodulated with 

the help of a photodetector with 1A/W responsivity. Bit error 

rate (BER) tester and eye diagram analyser was used to 

analyse the demodulated signal. An eye diagram with 

extinction ratio (ER) of 12.39dB and BER of 8.67×10
-8 

for a 

VπL of 1.05V.cm at 3Vpp and 1.5Vdcis obtained. The eye-

crossing at around 50% and wide eye opening leads to 

minimum duty cycle distortion and low inter-symbol 

interference. This ensures that PS-MZM is suitable for high-

speed data rate applications. The energy per bit utilisation 

(     
   

 
  for the data transmission is calculated to be 

1.71pJ/bit. The performance of the PS-MZM is compared with 

the results of published articles with depletion type MZM in 

table 1.   

 

 
Fig 9: Eye diagram for PS-MZM with VπL = 1.05V.cm 

 
Table 1: Parameter Comparison With Published Results 

Ref 

 

L 

(mm) 
Gbps 

VπLπ 

(V.cm) 

ER 

(dB) 

[19] 0.75 40 1.5 7.01 

[20] 8 - 3.1 18 

[23] 1.5 112 2.3 - 

[24] 5 100 2.5 5.5 

[25] 3 10 1.08 11 

[26] 1.2 100 0.74 2.4 

This 

work 
3.5 80 1.05 12.3 

 

Higher ER was obtained in [20] by increasing the length of 

the phase shifter. In [24], the phase shifter of length 5mm is 

used to obtain the π phase shift with ER of 5.5dB. The length 

was reduced to 1.2mm [27] but reverse bias voltage of around 

6V is required, and 2.4dB of ER was obtained. From table 1, it 

is clear that designed phase shifter in MZM performs better 

when compared with other published results. 

Data centres span up to 15km in length and are connected 

via fibre optic cables. The performance of PS-MZM for 

communications between chips connected via optic fibre 

cables is analysed. At 80Gbps and λ = 1552.5nm, the distance 

transmission capability is analysed. With the forward error 

correction (FEC) threshold of BER rate 1×10
-3

 (between 

chips), it is observed from Fig. 9 that PS-MZM can transmit 

up to 29km. This ensures PS-MZM is suitable for intra data 

centre applications with guided wave transmission (optical 

fibre) and unguided wave transmission (free space optics). The 

transmission length can be improved with the help of an 

amplifier.  
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Fig 10: Transmission capability of PS-MZM in fibre optic 

cable at 80 Gbps 

 

The speed capability analysis for PS-MZM is studied by 

varying the bit rate, and BER is calculated. With the increase 

in bit rate, BER increases as inferred from figure 10. It is 

observed that PS-MZM supports up to 95Gbps. The bit rate 

support can be improved by increasing the PIN photo 

detector’s responsivity or introducing a filter.  

A plus-shaped PN junction phase shifter of 3.5mm length is 

proposed to achieve high modulation efficiency. In the 

proposed design, the width of the P doped region in the rib is 

100nm and the thickness of P and N doped slab regions is 

70nm. The designed phase shifter with silicon MZM at 80 

Gbps, an ER of 12.39 dB and 8.67×10
-8 

BER is obtained at 

VπLπ of 1.05 V.cm for 1552.5 nm wavelength. The modulator 

is designed to meet the data centre futuristic demands and can 

also be used in other applications like optical switches, delay 

lines etc. The proposed phase shifter in MZM was also 

analysed for its supporting distance (29 km for inter and intra 

data centre interconnect communication without an amplifier). 

Further improvement in bit rate can be obtained by the use of 

complex modulation formats.  
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