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Abstract 

The present research focuses on two dimensional L-shape waveguide for the realisation of optical interconnect 

at the signal of 1550 nm, which will help for the transformation of signals from one chip to another. In this 

article, graphene based light emitting diode generates the wavelength of 1550 nm, where PIN photodiode 

converts the optical signal (wavelength 1550 nm) to its electrical counterpart. The proposed wave guide 

(11×11 silicon rods) with L shape defect allows the signal from source to detector. The principle of mechanism 

relies on the propagation of field along with the defect path which is made through finite difference time 

domain method. Moreover, there is no loss associated with the structure during the transformation of signals. 

The computational result infers that the efficiency of LED is about 99.98 % where the efficiency of photodiode 

is 99.94 %. Finally, the suggested silicon based waveguide acts as a good candidate for the realisation of an 

efficient optical interconnect.  
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1. Introduction 

Research on optical interconnect has been focused time to time to minimize the losses in the photonic 

devices. The optical interconnect plays vital role to realise an efficient photonic integrated circuit. 

Basically, it controls the losses as well as efficiency of the light wave circuits. Interconnects is a 

backbone of the planar light wave circuit because losses associated with different devices are directly   

depends on the connector. Maximum amount of losses take place at interconnects as well as in the 

coupling regions. Photonic devices could be realised by the controlling of coupling loss and 

waveguide parameters, so that the signal coming from source (Light emitting diode) would reflect at 

the destination (photo detector) without any loss in the inter-medium stage. Since photonic based 

interconnects play an important role for designing an efficient device, many works relating to the 

same have done with the help of different types of  photonic crystal waveguides [1-10]. For example; 

optical printed circuit board is addressed in the reference [1], where authors focuses on planar graded 

index waveguide  along with the fabrication techniques. In reference [2] , a data centre  network 

(DCN) is analyzed to realise a photonic interconnect through the principle of wavelength division  

demuliplexing where nanoscale switching is envisaged. Similarly different types of optical 

interconnects are discussed in the reference [3] for data centers networks. Moreover this works 



claimed that the proposed DCN would provide simplicity for routing, less energy consumption, good 

scalability, lack of packet loss and etc. Also, reference [4] focusing on the high energy efficiency, 

large bandwidth and low cost optical inter connect which will be suitable for current photonic 

integrated circuits. Again, reference [5] reviews on Photonic Integrated Networked Energy (PINE) 

efficient data center to study the architecture  of optical interconnects , where the present  PINE  can 

be using for high performace computing. Reference [6] discloses the construction of optical memory 

along with the random access memory which acts as excellent optical inter connect. An  ultra-high 

speed optical interconnects with record single lane based on  conventional silicon photonic modulator 

with Mach-Zehnder structure is discussed in the reference [7]. Similarly, monolithic integration of 

electro-optic modulators based on the Pockels effect in barium titanate (BTO) thin films  is addressed 

in the reference [8] where pockels modulator acts as a good optical interconnect and suitable for 

photonic integrated circuits. Furthermore, reference [9] and [10] focuses on the one dimensional 

optical interconnects using defect and defect less polymer based one dimensional photonic crystal 

structure.  

  Though, above said works have been explained by different authors, the present article discusses an L-shape 

two dimensional photonic structure waveguide through which zero loss could be realised. The present device 

has another advantage pertaining to the efficiency of LED, photo diode and coupling loss, which is less than 

1%. The proposed device could be used as optical interconnect as well as   for chip to chip communication 

purposes. Keeping on importance of important of such device, the present paper organises as follows; 

                           The introduction of the works is discussed in the section 1. The proposed structure and its 

operational mechanism are indicated in the section 2. Similarly section 3 discusses the numerical computation 

along with the explanation to realise optical interconnect. Similarly section 4 presents the result and 

interpretation of the research. Finally, conclusion is mentioned in the section 5. 

2.  Proposed structures 

The photonic crystal waveguide which is considered to realise an efficient optical interconnect, shown in 

figure 1(a).  

 

 

 

 

 

 

 



 

Figure 1(a) schematic of L-shape two dimensional photonic crystal waveguide 

 

In this case, the structure consists of 11×11 silicon rods with air act as background material. Here 11×11 

silicon rod is arranged such way that a series of silicon rods have been removed to fix L shape. The L shape is 

call as defect (absence of silicon rod) in the photonic waveguide. The simulation diagram corresponding to 

wavelength structure is shown in the 1(b) 



 

Figure 1(b); simulated figure for lattice spacing, 1 m and radius, 300 nm 

             

                                       In this figure blue colour is represented as background material, where yellow colour 

is nothing but circular rod which is made up silicon rod, which are air material in side L-shape (defect). As far 

as configuration of same structure are concerned, we have chosen various type of radius of rods and lattice 

spacing of structure, which is taken of  1 m. We did the simulation for finding the electric distribution for the 

entire radius with the help of finite difference time domain method. Further, efficient interconnectors have 

been confirmed from such simulation, which is discussed in the result and interpretation section. Moreover, 

considering the operational mechanism of photonic device, Figure 1(c) provides information regarding the 

transportation of signal from transmitter to receiver end through optical interconnect. 



 

Figure 1(c); Mechanism of transformation of signals from transmitter to receiver 

 

Figure 1(c) depicts the complete information for transportation of signal from transmitter end (LASER source) 

to receiver end (p-i-n photodiode) through L-shape bending waveguide. In this case we have seen that 

electrical signal in terms of volts incidents ( forward bias) to the light emitting diode then LED diode is 

designed in such way that it converts  to optical counterpart , whose wavelength of 1.55 µm. The reason for 

choosing such signal is that 1550 nm belongs to the third optical communication windows which are 

frequently used in the recent communication system. After generating wavelength of 1.55 µm from the light 

emitting diode (Laser Source), it passes through the silicon based waveguide. The waveguide is proposed in 

such way that no loss is found in the L shape path. Finally, it arrives at destination, i.e.  1.55 µm reaches the 

photo detector. Further, photo detector is chosen in such way that it will convert optical signal to its electrical 

counterpart and finally signals appears in terms of electrical wave. To sum up it is inferred that whatever 

electrical signal is coming to transmitter end reaches at the output end. 

 Keeping the importance of different components for an operational mechanism from figure 1(c), figure 2 

discusses various components, which are included in the photonic devices. 



 

2.1LED (Laser Source) 

 The proposed light emitting diode is made up of GaAs based semiconductor where  active layer is made up of 

multilayer of graphene. The same structure is shown in the figure 2(a). 

 

 

Figure 2(a), schematic diagram light emitting  source 

 

 In this case P-GaAs and N-GaAs is taken as p-type and n-type region, where 9 layer of  graphene (multilayer) 

is placed in the middle region, which is acting as active layer. As far as working mechanism is concerned, 

when potential (forward bias) is applied to the GaAs based LED then it will generate a signal of 1550 nm 

which is acting as monochromatic LASER beam. The reason for considering 1550 nm is that this signal is 

suitable for optical communication. 

2.2 Photonic waveguide 

In this structure (figure 1), L-shape waveguide is taken as air material which will allow 100%. (Without 

making any loss) signal at a particular configuration. This waveguide will solve the issues relating the bending 

loss. Moreover, such photonic waveguide can be implanted for chip to chip communication in the integrated 

circuit.  

2.3 Photonic diode 



  

2(b) Schematic diagram of P-i-n photodiode 

Figure 2(b) shows the schematic structure of P-i-N photo diode, which is the silicon based  p-type, n-type and 

intrinsic layer, which plays vital role. For example; the size of the intrinsic layer is high as compared to the p 

and n side. Because, the more amount of radiation absorb in an intrinsic region leads to enough amount of 

electron and hole pairs that give rise to the more amount of electric current . Here the thickness of intrinsic 

layer is taken of 10 µm, which is large as compared to p and n side (500 nm each). Apart from this, the 

proposed P-i-N photo diode provides high efficiency as well as good responsivity. 

3.  Mathematical formulae 

 The mathematics is used in this research is divided into several sections. For example; the computational 

efficiency of LED, the coupling efficiency/loss between LED and waveguide, efficiency of photonic crystal 

waveguide, the field distribution in L-shape region, coupling loss between waveguide and photodiode, 

efficiency and rensoponsivity of photodiode 

3.1 Efficiency of LED 

 The efficiency of LED can be computed through internal and external quantum efficiency.  

The expression for  internal efficiency can be written as [11] 

ηint = KRKR+KnR         1(a) 

Where KR and KnR are the radiative and non-radiative constant 

Similarly the external efficiency can be written as [12] 𝜂𝑒𝑥𝑡 = 1𝑛𝑎(𝑛𝑎+1)2                     1(b) 

Where ηa  be the refractive index of an active layer 

So the overall quantum efficiency of laser source can be expressed 

ηext 𝜂 = 𝜂𝑖𝑛𝑡 × 𝜂𝑒𝑥𝑡        1(c) 

 

3.2 Coupling efficiency of LED and photonic crystal waveguide 

 The coupling efficiency is defined as the ratio of power entering to the waveguide to the total power 

generating by the light emitting diode which can be written as [13] 



 

η = WLWA (√𝑛12 − 𝑛22 )2
                                 1(d) 

where WL and WA is thickness of active layer of laser source and L-shape of the waveguide. Similarly η1 and 

η2 is the refractive index of waveguide and source respectively. 

3.3 Electric field distribution 

            As far as the mathematical formulation pertaining to photonic crystal waveguide is concerned, basically 

plane wave expansion, transfer matrix method, beam propagation method and finite difference time domain 

method etc. are being frequently used now a days to study the photonic properties of photonic crystal structure. 

Finite difference time domain ( FDTD)  is general technique for computing the propagation of electromagnetic 

waves in above said structure of random geometry. The FDTD is directly involved with discretization   of 

Maxwell’s equation and it is independent of propagation of direction and as a result of which, it deals with an 

accurate result with respect to experimental one. In this case time evolution of electromagnetic field 

distribution is cogitated in overall special domain.  This leads to FDTD techniques is suitable for simulating 

different properties of the photonic crystal structure.  To discretise the field distribution in the photonic crystal 

structure, Let us formulate the Maxwell’s equations, which is given as [14-15] ∇ × E = −μ ∂H∂t                                    2(a) ∇ × H = −ε ∂E∂t                                    2 (b) 

Further explaining the said equation, expression for TMz mode can be expressed in Maxwell equation as 

  
∂Ez ∂t = 1

ε
∂Hy∂x − ∂Hx∂y                          3(a)  

.  
∂Hx∂t = − 1

μ0 ( ∂Hz∂y  )                      3 (b) 

.  ∂Hy∂t = 1
μ0 ( ∂Ez∂x  )                         3 (c) 

Again considering Yee mesh, around the point ( i , j ) and considering 

( i, j ) =  (i Δx , j Δy) , the function fn(i , j)  =  f ( i Δx , j Δy , nΔt) 

The final set of equation can be defined as Ezn+1 (i, j)=  Ezn ( i , j)
+  Δtc

ε(i ,   j) {Hyn+12   (i + 12 ,   j)  −   Hyn+12 (i − 12 ,   j)  – Hxn+12  (i,   j + 12 )  −  Hxn+12  ( i,   j −   12  ) Δy }            4(a) 

Hxn+12 ( i , j + 12 ) = Hxn− 12 ( i , j +  12 ) – Δt
Δy c[Ezn   ( i , j + 1 ) − Ezn( i , j )]                                          4 (b)             Hyn+ 12  ( i + 12 ) = Hyn+ 12 ( i + 12 , j) − Δt

Δy c[ Ezn  ( i + 1 ) − Ezn( i , j )]                         4 (c)      

Using equation 4, and employing ABC (absorbing boundary condition), the modal field of propagation can be 

determined, which is reflected in next section.    

 

 



3.4 Coupling efficiency waveguide and photo diode 

The coupling efficiency between waveguide and photodiode can be defined as the ratio between the amounts 

of power entering to the photodiode to the amount of power emerging from the waveguide. Mathematically, it 

can be written as [16] 𝜂𝑎𝑏𝑠 = 𝑒−𝛼𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 × 𝐿          (9) 

Where 𝛼𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔.𝐿 is the absorption coefficient of index of photodiode and L be the thickness of the absorption 

layer of the p-i-n diode. 

3.5 Efficiency and responsitivity of photo diode 

The quantum efficiency of photodiode can be defined as the number of electron – hole pair generation per the 

total amount of photons incident on it. 

 Mathematically, it can be defined as  

ηPD = No of e−p pairs producedNo.of Incident photons × 100 (%)    10(a) 

Basically, the efficiency of photo diode depends on the three  layer structure parameter such as  p, intrinsic and 

n-type semiconductor layer. In this case we have considered silicon based intrinsic layer and its efficiency can 

be written as [17] 𝜂𝑃𝐷 = (1 − 𝑅)2𝑒−(𝛽1𝑡1+𝛽2𝑡2+𝛽3𝑡3)  10(b) 

Where R is called as reflection, β1, β2 and β3 represents as absorption co efficient of p, intrinsic and n type 

material respectively. Similarly, t1, t2 and t3 are the thickness of p,  intrinsic and n-type semiconductor material, 

respectively. The result of the above efficiency can be done through plane wave expansion method. 

Further, moving to obtain responsitivity of photodiode. It can be expressed as [18] 𝑅 = 𝜂𝜆ℎ𝑐                                 10(c) 

Where, η, h and c are  called as efficiency of the photodiode, planks constant and speed  of light in vacuum. 

Here operating wavelength (λ) is taken of 1550 nm. 

4. Result and Interpretation 

The outcome of the research works provides an efficient optical interconnects devices for chip to chip 

communication. However the optical inter connector is restricted with 900 bending loss or L type 

interconnects. The entire output relies on the different numerical treatment, whose supporting mathematical 

expressions are discussed in the previous sections. Considering the expression explained in the section 3 are 

indicated as follows. 

4.1 Efficiency of LED 

 The equation 1(a) provides an expression for internal quantum efficiency where the equation 1(b) gives the 

expression for external quantum efficiency for laser source (Light Emitting Diode). Basically, the internal 

quantum efficiency depends on the radiative and non-radiative factor. Since we have considered GaAs 

semiconductor material which is direct band gap material and in this case, there is no non- radiative constant. 

So putting the vales of Knr is zero, the internal quantum efficiency is 1 which indicates 100% of internal 

quantum efficiency. Further, it is realised that three layer structure of p type GaAs, graphane layer and n type 

GaAs play a vital role. When signal come from chip 1 and reached at the LED then it converts to its light 

counterpart and the relation between them is   



𝜆 = ℎ𝑐𝑒𝑉                            (11) 

Moreover focussing on the above three layers, the transmittance (percentage) of generated signal by the optical 

source depends (overall quantum efficiency)  on the equation 1(c)  which relies on the equation (external 

quantum efficiency) 1(b) because internal quantum efficiency is 1 (100%). . The output of result is determined 

by using the equation 1(b) and it is indicated in the figure 3(a). 

 

Figure 3, the transmittance (efficiency) of the laser source  

In this graph 3, transmittance of signal by the LED structure is taken along vertical axis where wavelength of 

generated signal is taken along the horizontal axis. It is found that transmittance of signal gradually increases 

with respect to the wavelength and reaches at the peak value, then  it starts to decrease pertaining to the 

increase of wavelength. Moreover, this also state that the efficiency of laser source is about 99.19% for 

generating the signal of 1550 nm. 

4.2 Coupling efficiency between LED and photonic crystal waveguide 

From equation 1(d), it is realised that the coupling efficiency depends on the thickness of the active  layer 

(multilayer of graphene) and waveguide length (L-shape). Apart from this, it is also found that it depends on 

the numerical aperture, which relies on the refractive index of active layer and proposed silicon based photonic 

waveguide with air as background material. Since the thickness of  active layer (530 nm) is less than thickness 

(1000 nm)  of L-shape (defective path light propagation through it), there is no possibility of loss between 

waveguide and source. Moreover, putting the values of refractive index of photonic crystal waveguide, it is 

found that the coupling efficiency is about 1. It indicates that there is no coupling loss associated with the layer 

between LED (light source) and photonic waveguide. 

4.3 Transportation of signal in waveguide 

 The principle of transportation of signal depends on the electric field distribution in the waveguide which is 

made using the equation (4) with the help of finite difference time domain method. To carry out the same, we 

have considered various type of configuration. For example; radius of silicon rod is varied from 0.01 µm to 

0.49 µm. However, the lattice spacing of the structure is 1 µm. The simulation result corresponding to each 



combination of lattice spacing and radius of the column cylinder. Though simulation for different combination 

of lattice spacing and radius of silicon rods , (0.01 µm, 1 µm), (0.05 µm, 1 µm), 0.1 µm, 1 µm), (0.15 µm, 1 

µm), (0.2 µm, 1 µm), (0.25 µm, 1 µm), (0.3 µm, 1 µm), (0.35 µm, 1 µm), (0.4 µm, 1 µm), (0.45 µm, 1 µm), 

and (0.49 µm, 1 µm),  have been done,   the simulation structure and output result from (0.01 µm, 1 µm), (0.4 

µm, 1 µm), .(0.49 µm, 1 µm), is shown in figure 4 (a,b), 5(a,b) and 6(a,b) respectively. 

 

 

Figure 4(a); simulated 2D photonic crystal waveguide for radius of column ,  0.01 m  

 

Figure 4(b); Electricfield  in 2D photonic crystal waveguide for radius of column ,0.01 m  

 



 

 

Figure 5(a); simulated 2D photonic crystal waveguide for radius of column ,  0.4 m  

 

 

Figure 5(b); Electric field distribution in  2D photonic crystal waveguide for radius of column, 0.4 m  

 

 

 

 



 

Figure 6(a); simulated 2D photonic crystal waveguide for radius of column , 0.49 m  

 

 

Figure 6(b); Electricfield distribution in  2D photonic crystal waveguide for radius of column .0.49 m  

 

 

 

 

 



 Figure 4(a), 5(a) and 6(a) represent the simulation result of schematic of defect based  two dimensional 

photonic crystal waveguide, whose  consisting of 11×11 silicon rods with air treat as background material. In 

this case , L-shape line defect is made where  signal can propagate through it. Considering these structure it is 

observed  that the radius of silicon rods are 0.01 m, 0.4  m and  0.49 m corresponding to the figure 4(a), 

5(a) and 6(a) respectively. Further, the simulation results for electric field distribution corresponding to each 

structure are shown in the figures 4(b), 5(b) and 6(b) respectively. In case figure 5(b), it observed that the 

signal is scattered in the crystal waveguide and it does not follow the path of L-shape path. So it will not be 

suitable to solve the bending loss issues. However, it is found from the figure 5(b) and 6(b) that no scattering 

loss is associated with it.  It indicates that whatever signal coming from transmitter, it will arrive at the output 

end of the photonic waveguide.  So it is inferred that, structure for configuration, (0.4 µm, 1 µm) and.(0.49 µm, 

1 µm) are  suitable  for solving bending loss issues. Hence structure corresponding to such material can be a 

good candidate for optical interconnect. Apart from this, similar principle indicates that structure having the 

radius from 0.3 µm to 0.49 µm and lattice spacing of 1 m could be an appropriate structure for reducing 

bending loss problem in the integrated circuits. The probable reason for such interesting result same is due to 

effective refractive index. For example the effective refractive index is more, then the speed of the signal in the 

waveguide would less which leads to the less scattering .Otherwise, if the effective refractive index is less, and 

then the speed of signal shall more which leads to the more scattering loss. 

4.4 Coupling efficiency between waveguide and photodiode 

The coupling efficiency is the ratio of amount of power entering to the photo diode to the amount of power 

emerging from the photo crystal waveguide. In this case,  photonic waveguide (1m) is less than the thickness 

(10 m) of absorption layer photodiode. Considering the equation (9), it is realised that the efficiency of 

photodiode depends on the coupling coefficient between waveguide structure and photodiode. Similarly, (P-i-

N) coupling coefficient is zero at the signal of 1550 nm, which is found from the literature[19].  So putting the 

value of coefficient, the coupling efficiency is 1, which infers that coupling loss is zero. 

4.5 Efficiency and Responsivity of photodiode 

The efficiency of p-i-n photodiode depends on the number of electron generated with respect to the number of 

photon produced at intrinsic layer. Moreover it depends on the reflectance as well as absorbance, which is 

governed by equation 10(a-b).  Since it is three layer structure, the reflectance is determined using plane wave 

expansion method where absorption coefficient ( β1 β2, β3) at proposed thickness and   operating wavelength is  

found to be zero [20]. Since the absorbance loss is zero in the photodiode, the efficiency depends on the 

reflectance only, which is carried out with the help of plane wave expansion method. The output efficiency in 

terms of transmittance pertaining to the  wavelength 1550 nm is plotted in the figure 7 (a). 

 



 

Figure 7; the output efficiency of p-i-n photo diode 

 In this figure; wavelength in nm and transmittance (%) is taken along horizontal and vertical axis respectively. 

Here transmittance varies non-linearly with respect to the wavelength. The efficiency (transmittance) is found 

to be  99.94% at signal of 1550 nm.  

                           Further analysing the rensponsivity of the photodiode with the help of equation (11),it is 

found that resnponsivity depends on efficiency of structure and wavelength of input signal. Putting these 

values it is found that 1.25, which are excellent outcomes with respect to current research scenario. 

                                       To sum up, it is realised that laser source shows an efficiency of 99.98%, zero 

coupling loss between source and waveguide, zero loss photonic waveguide, no coupling loss between 

waveguide and photodiode, and  99.94% efficiency of photo diode with high resnponsivity could be a suitable 

optical interconnect for the 900 bending loss, which could be robust element in photonic integrated circuit. 

5.  Conclusion 

Silicon based two dimensional photonic crystal waveguide is proposed in this research to realise an efficient 

optical interconnect at the signals of 1550 nm. The suitable combination of graphene based Laser diode, silicon 

based waveguide and p-i-n photo diode eradicates the  bending loss issues .  Moreover the output result  

indicates that coupling efficiency is more than 99%.,which could be a leading interconnect for integrated 

circuit. 
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