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Abstract: In this paper, a double-layer approach is proposed to design a compact 

four states polarization-independent grating coupler (GC). The proposed 

polarization-independent GC is designed to couple a 700 nm polarized light 

propagated in a 150 nm Gallium Phosphide (GaP) waveguide to a polarization-

maintaining fiber (PMF). The double-layer approach is based on the deposition of 

GaP gratings designed to couple the transverse magnetic (TM) light over the GaP 

gratings designed to couple the transverse electric (TE) light. The two layers are 

separated by a Hydrogen silsesquioxane (HSQ) with an optimum thickness of 20 

nm. The proposed method resulted in relatively high coupling efficiencies (CEs) of 

39.2%, 31.1%, and 23.3% for the TE, TM, and 45º/-45º linearly polarized light, 

respectively. The polarization-dependent loss (PDL) is 1 dB, 1.26 dB, and 2.26 dB 

corresponds to TE-TM, TM-45º/-45º, and TE-45º/-45º, respectively. The 

performance of the double-layer approach is numerically verified by the two-

dimensional (2D) finite element algorithm (FEM) using COMSOL software. The 

proposed method suggests a novel and simple approach to design a compact four 

states polarization-independent GC that could be used in integrated (on-chip) 

photonic communication circuits. 
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1. Introduction:  
The optical fibers are widely used to transfer light over long distances with minimum 

propagation losses. The photonic waveguides perform the same function in on-chip 

photonic circuits. However, the coupling of the light between the optical fibers and 

the photonic circuits is a major issue because of the difference in their waveguide 

modes [1]. The GC is one of the best solutions that managed the coupling issue 

because of its high CE, compactness, easier alignment, and simple fabrication [2]. 

Moreover, a polarization-independent GC is needed in on-chip photonic circuits that 

its operations rely on the polarization state of the propagated light inside the photonic 

waveguide. For example, in [3], the emission of the quantum emitter (QE) embedded 

in the dielectric-loaded surface plasmon polariton (DLSPP) could be processed to 

produce a different polarization than the waveguide’s output emission polarization. 

The typical design of the GC supports the transmission of a single output 

polarization, only, because of the mismatch of the waveguide’s effective index and, 

consequently, the grating period for each polarization [4–6]. However, several 

design strategies had been proposed to design a polarization-independent GC. For 

example, by tuning the fill factor and the grating period in x and y directions, a 64% 
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polarization-independent CE could be achieved in the 2D GC proposed and 

simulated by 2D finite-difference time-domain (FDTD) in [7]. The tuning aimed to 

equalize the different effective indices for TE and TM transmitted light in a 340 nm 

Si waveguide for maximum CE at the operation wavelength. 

Another approach to decrease the difference in the effective index for TE and 

TM polarization was simulated by FDTD in [8]. It was suggested and numerically 

proved that the increase of the Si channel thickness decreased the difference in the 

effective indices for TE and TM transmitted light and, consequently, a dual-

polarization CE of 52.5% was achieved. 

Moreover, a different complicated design strategy proposed in [9] resulted in 

a simulated CE of 60% for dual output polarization. This approach suggested 

corrugating the top and bottom surfaces of the 370 nm Si waveguide embedded in 

silicon oxide (SiO2) to form the 1D TE and TM grating periods. The tuning of the 

etch depths of the TE and TM gratings in the top and bottom of the Si channel 

resulted in a common maximum CE for both polarization cases. Despite the 

outstanding design and numerical performance, the sophisticated photonic structures 

found difficulties in the experimental fabrication. 

 Another design strategy [10] achieved a simulated CE of 20% for TE and TM 

light polarization. This strategy was based on the geometrical union or intersection 

for the designed TE and TM 1D grating periods in a 220 nm Si waveguide. Although 

this outstanding approach solved the grating’s polarization dependency, however, it 

results in a nonuniform gratings (apodized) periodicity with thin grooves or summits 

in the Si waveguide. Consequently, the apodization of the GCs adds to the 

complexity of the fabrication when it is desired to use this approach in other different 

wavelengths since smaller operating wavelengths result in thinner grating grooves 

or summits [11]. 
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A recent study on a 400 nm thick silicon waveguide channel aimed to design a 

subwavelength 1D polarization-independent GC [12]. This approach was based on 

the equalization of the effective refractive indices for TE and TM modes and a 

simulated CE of 50% for dual output polarization was obtained. The same approach 

was performed on a 460 nm thick silicon waveguide and a simulated CE of 60% was 

achieved [13]. 

A recent approach utilized a 220 nm Si waveguide channel to design a dual-

polarization 1D GC [14]. This approach deposited secondary subwavelength 

gratings in the lower index region of the primary grating, where the high index region 

of the primary grating was filled with Si completely. By optimizing the filling factors 

and grating periods for both the primary and secondary gratings, a maximum CE of 

32.5% was simulated for both TE and TM modes. 

Finally, a 2D subwavelength GC based on a 220 nm Si waveguide was 

recently proposed in [15]. This new approach modified the etch depths, grating 

periods, and fill factors of the gratings in 2D to achieve a shared effective index of 

the grating for TE and TM modes and in dual operation wavelengths of 1330 nm and 

1550 nm. This approach simulated a maximum CE of 35.5% for both polarization 

cases and efficiently acted as a wavelength demultiplexer. 

It is worth mentioning that all the aforementioned highly informative 

publications operated at C-band or O-band wavelengths. Recently emerged 

nanophotonic applications urged the need for polarization-independent GCs at 

different wavelengths. For example, the single-photon emitter embedded in a 

DLSPP or hybrid plasmonic waveguide [16] requires a polarization-insensitive GC 

to support the emission of photons with different output polarization. This is 

important in designing on-chip quantum key distribution systems based on 

polarization-dependent protocols such as the BB84 protocol. The on-chip BB84 
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protocol requires the GC to support the emission of four states of polarization, which 

are 0º, 45º, -45º, and 90º [17,18]. 

In this paper, a novel, and simple approach is proposed to design a compact 

four states polarization-independent GC based on a double-layer approach utilizing 

a 150 nm GaP waveguide. The deposition of the second GaP layer designed to couple 

a TM polarized light above the first GaP layer designed to couple a TE polarized 

light emits the light efficiently regardless of its polarization state. Also, this approach 

yields uniform grating periods instead of thin or apodized grating structures. 

Consequently, the fabrication process is easier with multiple depositions and etching 

processes. To the best of our knowledge, this is the first approach that investigated 

the design of a polarization-independent GC at the visible wavelength with four 

states of output polarization. This paper is arranged as follows: Section (2) describes 

the theoretical design principle of the double-layer approach. Section (3) presents 

the 2D COMSOL framework settings, simulation results and discusses the findings. 

Finally, Section (4) concludes the paper. 

2. Theoretical design methodology:  
GCs are formed by periodic alteration in the refractive index or the 

geometrical configuration of the waveguide’s channel. The incident wave’s phase is 

diffracted to several spatial directions because of that alteration. The Bragg condition 

specifies diffracted waves number as [19]: kdiff = kinc + nkg (1) 

Where kdiff is the diffracted wave’s wavevector, kinc is the incident wave’s 

wavevector, kg is the grating’s wavevector and equals 2π/ꓥ, where ꓥ is the grating’s 

period and n is the diffraction order, i.e., n = 0, ±1, ±2, …, ∞. Although the grating 

coupler is a 3D structure, however, the following work is based on a 2D simulation 
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framework since it was assumed that the GC’s third dimension is larger than the 

operating wavelength by many orders [20]. 

Furthermore, it is assumed that the GC is connected to the photonic waveguide 

by an ideal taper section. Because of the reciprocity principle, the GC could be used 

to diffract the light propagating in the photonic waveguide towards the optical fiber 

and vice versa [21]. The proposed GC based on the double-layer approach is shown 

in Figure (1). 

 

Figure 1: The proposed double-layer GC 

The goal is to maximize the collection efficiency of the diffracted polarized 

light by a PMF. The PMF is tilted by the angle (θout = 10º) to avoid higher diffraction 

orders from the GC. Furthermore, the PMF modeling data are based on the PM630-

HP Thorlabs fiber datasheet. The PM630-HP fiber has a mode field diameter (MFD) 

of 4.5 µm, a core diameter of 3.5 µm, and operation wavelengths from 620 nm to 

850 nm [22]. Moreover, a 1 µm normal distance from the GC is considered for the 

PMF. The following simulations are based on an operation wavelength (λ) of 700 

nm. This λ is widely used as a general emission λ for the QEs embedded inside a 

DLSPP or HPW waveguides [3,16]. Besides, an HSQ layer with an optimum 

thickness of 20 nm is deposited above the first GC layer to act as a separator between 
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the two GCs layers [23]. The refractive indices at 700 nm for both GaP and HSQ are 

3.2543 and 1.41, respectively. A user-defined port at the right side injects the light 

into the GaP photonic waveguide with different polarization configurations. The 

user-defined port mimics the QE’s emission with different polarization propagated 

in the HPWs investigated in [23]. 

Before depositing the second GC layer composed of 150 nm GaP gratings, the 

first GC layer should be designed to support the coupling of a TE polarized light. 

The first GC layer’s period (ꓥ1) could be calculated from [20]: 

ꓥ1 = λn(eff−TE) − nHSQ  sin(θout) (2) 

Where n(eff−TE) is the effective mode index for the TE mode, and nHSQ is the 

refractive index of the HSQ layer. The n(eff−TE) is calculated from [20]: n(eff−TE) = ffhigh n(eff−full channel) + (1 − ffhigh) n(etched channel) (3) 

Where n(eff−full channel) is the effective index of the 150 nm GaP region, ffhigh 

is the fill factor of the 150 nm GaP region, and n(etched channel) is the effective index 

of the 80 nm GaP channel. The 70 nm edge depth is the optimized etch depth that 

corresponds to the highest CE as will be explained in the following simulations. The 

effective indices for each structure are calculated by the slab waveguide 

approximation [1] using the 2D mode analysis tool in COMSOL as shown in Figure 

(2). 
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Figure 2: The separation of the GC into two slab waveguides to estimate the effective index for 

the full channel and etched channel waveguides 

The effective index for the TM polarization is smaller than the effective index in the 

TE polarization. A smaller TM effective index results in a larger grating period to 

efficiently couple the TM polarized light to the PMF. However, it is possible to 

equalize the effective indices for both TE and TM polarization cases by depositing 

a second layer composed of 150 nm GaP gratings above the 20 nm HSQ separator. 

The deposition of the second layer results in a modification in the effective index in 

Equation (2) that makes the GC compatible to transmit the TE or the TM light with 

a high CE. The addition of the second GaP layer modifies the calculation of the 

effective mode index. The new GC structure should be divided into four regions as 

shown in Figure (3) to calculate the overall effective index in Equation (2). 

 

Figure 3: The new separation of the GC into four slab waveguides 

Consequently, Equation (3) is modified as: 



9 
 n(eff) = ff1 n(eff−1) + ff2 n(eff−2) + ff3 n(eff−3) + ff4 n(eff−4) +  … + ffn n(eff−n) (4. a) ff1 + ff2 + ff3 + ff4 + ⋯ + ffn = 1 (4. b) 

Where n(eff) is the total effective index of the new GC, ff1,2,3,4 are the fill factors of 

the regions from 1 to 4, respectively, and n(eff−1,2,3,4) are the effective indices for 

each region shown in Figure (3), respectively. Moreover, the resultant new structure 

is not periodic, and Equations (4.a) and (4.b) should include all the resultant random 

fill factors over all the GC’s corrugations. 

With the proposed modification, it is possible to tune the grating periods and 

the fill factors for the double layers to achieve the optimum values for maximum CE 

for four polarization cases. The described approach simplifies the fabrication process 

since it yields a uniform GC for both layers. Non-uniform or apodized GCs 

approaches might face difficulties in fabrication processes or optimizations since 

their geometries are based on thin waveguide grooves or summits that could not be 

fabricated with current technologies [21].  

3. Simulation results and discussion:  
The 2D COMSOL framework is used to verify the results of the proposed GC 

shown in Figure (1). The simulation region boundaries are set to the second-order 

scattering boundary conditions to scatter the diffracted waves in space without any 

back reflections to the GC’s structure. Besides, the mesh settings are set as a Physics-

controlled mesh with an extremely fine resolution for accurate calculation of the 

propagated and scattered fields. Numeric ports are used to excite the TE, TM, and a 

45º/-45º linearly polarized light in the GaP waveguide channel. The diagram 

presented in Figure (4) describes the proposed design strategy. 
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Figure 4: The proposed double-layer GC’s design strategy 

The initial etch depth is selected to be half the channel width of the 150 nm GaP 

photonic waveguide described in [23]. Firstly, the effective index calculation is 

based on the slab waveguide approximation. The resultant indices for the 150 nm 

and 75 nm GaP channel waveguides for the TE mode are shown in Figure (5). 

(a) 

 

(b) 

 
(c) (d) 
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Figure 5: The z-component of the electric and magnetic field for (a) and (b) unetched GaP 

waveguide (150 nm), (c), and (d) etched GaP waveguide (75 nm), respectively, and their 

corresponding effective index 

The resultant effective index is determined from Equation (3) is 2.6448. 

Consequently, the GC period that supports the TE polarization is 283.3 nm for a fill 

factor of 0.5 as Equation (2) implies. The initial Λ1 is selected as 280 nm because 

the short and sub-nm lengths could occur due to fabrication error.  

 The alignment of the GC to the fiber in the simulation domain is necessary to 

find the optimum spatial x-position coordinate (the dotted line in Figure (1)) to 

achieve a maximum CE. Consequently, Figure (6) shows the CE of the GC against 

the x-axis spatial coordinate of the GC to a fixed x-coordinate of the PMF. The x-

axis spatial coordinate is varied from 920 nm to 1060 nm which corresponds to 

higher CE for a TE mode. 
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Figure 6: The CE of a GC against the x-coordinate to a fixed position of a PMF in the 

simulation domain  

The highest CE is at 980 nm, which is fixed in the following simulations. The 

number of gratings to the left side from the optimum x-position is selected such that 

the GC with a minimum Λ covers the entire core of the PMF. Consequently, 11 

gratings of 280 nm for the 1st layer and a similar number of gratings for the 2nd layer. 

Also, 11 gratings are enough to diffract most of the propagated light inside the GaP 

waveguide. 

The etch depth is swept from 30 nm to 90 nm with a 5 nm step size for 

maximum CE as shown in Figure (7). 
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Figure 7: The CE against the etch depth of the first layer only 

Figure (7) shows a maximum CE of 56.52% for an etch depth of 70 nm. By setting 

the etch depth and the x-position to their optimal values, the GC period is swept from 

275 nm to 300 nm with a 5 nm step size to search for maximum CE as shown in 

Figure (8). 

 

Figure 8: The CE against Λ1 
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Figure (8) shows a maximum CE of 64% for a Λ1 equals 285 nm. By setting all the 

optimal parameters of Λ1, etch depth, and the GC’s x spatial position of the first 

layer only, the CE for a TE-polarized light against the operation wavelength is shown 

in Figure (9) with a maximum CE of 64% at 700 nm. 

 

Figure 9: The CE against the operation wavelength for a TE polarization excitation from the 

right port 

The second layer should be designed to support the coupling of a TM 

polarized light. The corresponding Λ2 should be changed because neff for the TM 

mode differs from that of the TE mode. The effective indices for the unetched (150 

nm) and etched (150 – 70 = 80 nm) GaP waveguide for a TM mode are shown in 

Figure (10). 

(a) 

 

(b) 

 

(c) (d) 
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  Figure 10: The z-component of the electric and magnetic field for (a) and (b) unetched 

GaP waveguide, (c) and (d) etched (80 nm) GaP waveguide, respectively, and their 

corresponding effective index 

For an ff of 50%, the Λ2 is obtained from Equations (4.5) and (4.8), which equals 

376.45 nm. The following simulations select Λ2 to be 375 nm.  

Figure (11) shows the CE spectra for each case of excitation polarization using 

the single-layer approach and the double-layer approach.  

(a) 

 

(b) 

 
Figure 11: The CE spectra of the proposed GC with (a) a single-layer approach, (b) a double-

layer approach 

The single-layer approach of the GC achieved a CE of 64% for a TE polarized 

light, 35% for a linearly polarized light at 45º/-45º, and 1% for a linearly polarized 

light at 90º as shown in Figure (11.a). 

A higher CE for TM polarized light could be achieved by depositing a second 

layer of 150 nm GaP with a grating period of 375 nm above the first layer with the 

same thickness as shown in Figure (1). However, the CEs for TE and 45º/-45º 
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linearly polarized light deteriorate. CEs of 35%, 16%, and 19% for the TE, TM, and 

45º/-45º linearly polarized light, respectively, are achieved as shown in Figure (11.b). 

By tuning the filling factors, Λ1, and Λ2, better performance for the proposed 

GC could be achieved. The fill factor for each layer is tuned from 0.1 to 0.9 with a 

0.1 step size, while the grating periods of the first layer and the second layer are 

tuned from 260 nm to 310 nm and from 350 nm to 400 nm, respectively. The 

corresponding CEs for each polarization case are recorded in separate EXCEL sheets 

for each case. For example, for an ff of 0.5 for the first layer, an ff of 0.6 for the 

second layer, and the grating period for the first and second layer are tuned to 285 

nm and 380 nm, respectively, the CEs are 39.2%, 31% and 23.3% for a TE, TM and 

45º/-45º linearly polarized light, respectively, as shown in Figure (12). 

 

Figure 12: The CE spectra of the four polarization cases for the optimum double-layer GC 

The polarization-dependent loss (PDL) identifies the polarization-

independence of the GC and is defined as [12,13]: PDL = 10log |CETECETM| (5. a) 
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 PDL = 10log | CETMCE45°/−45°| (5. b) 

PDL = 10log | CETECE45°/−45°|  (5. c) 

Accordingly, the optimum double-layer GC shows a PDL of 1 dB, 1.25 dB, and 2.26 

dB for TE-TM, TM-45°/-45º, and TE-45º/-45º, respectively, at 700 nm as shown in 

Figure (13). 

 

Figure 13: The PDL performance of the optimum double-layer GC for different polarization 

cases 

The observation of the intensity in the simulation domain is necessary to show 

how the fields are scattered. Figure (14) shows the intensity distribution of the light 

for each case of polarization of the excitation source (Right port). 
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(b) 
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(c) 

 

(d) 

 

Figure 14: The intensity distribution in the simulation domain for (a) a TE excitation, (b) a 

TM excitation, (c), and (d) a 45º linear excitation 

Figure (14.a) shows the scattering of the |Ez|2 in the case of 0º polarization excitation 

from the right port. The out-of-plane component of the field, which is Ez, generates 

both Hx and Hy components inside the GaP region. However, the Hy component is 

the major field in the selected mode of propagation. Consequently, the Hy component 

domination is a clear indication that 39% of the propagated photons polarized at 0º 

inside the GaP region are coupled to the PMF. Similarly, Figure (14.b) shows the 

scattering of the |Hz|2 in the case of 90º excitation. For a 45º linearly polarized light, 

the excitation of the right port is performed with both Ey and Ez components of the 

light are activated. 

Accordingly, Figures (14.c) and (14.d) show the scattering of the z-component 

and y-component of the intensity, respectively. Moreover, for a -45º linearly 

polarized light, the excitation of the right port is similar to that in the 45º polarization 

case except that the z-component of the excitation source becomes negative. As a 

result, the scattering of the field in the simulation domain is similar to that shown in 

Figures (14.c) and (14.d) except for the negativity of the Ez component to Figure 

(14.c). Consequently, the intensity distribution for the -45º polarization case was not 

included in Figure (14) to concise. Moreover, there is a negligible scattering of the 

intensity field in the space of the simulation domain (air region) for all the 

polarization cases. 
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Table (4.1) compares the performance of the proposed double-layer GC approach 

with other polarization-independent GCs approaches. To the best of our knowledge, 

the proposed work investigated the polarization-independence issue with four output 

polarization states and at a different emission wavelength rather than the GCs 

designed to couple the TE/TM polarization only at C-band or O-band wavelengths. 

Table 1: A summary for the simulation performance of the polarization-independent GCs 

approaches 

Publication Wavelength (nm) Waveguide channel width (nm) CE (%) 

[7] 1550 340 64 
[8] 1550 750 52.5 
[9] 1550 370 60 
[10] 1550 220 20 
[12] 1550 400 60 
[13] 1550 460 60 
[14] 1550 220 32.5 
[15] 1550 220 35.5 

Our work 700 150 39.2*/31**/23.3*** 
* For a TE polarization 
** For a TM polarization 
*** For a 45º/-45º linear polarization 

 

4. Conclusion:  
A novel and, a simple approach is proposed to design a compact and 

polarization-independent GC. The proposed method does not yield geometries with 

ultrathin edges in the waveguide section. Consequently, the proposed method 

simplifies the fabrication process through consecutive deposition and etching 

processes. Furthermore, the proposed design methodology could be followed as a 

general design methodology for any emission wavelength or waveguide dimensions. 

The CE of the proposed GC is comparable to other GCs presented in the literature 

survey with larger channel width. Different approaches could be followed to 

improve the performance of the proposed GC. For example, the second layer 
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gratings’ shape could be altered to obtain equal CEs and PDL for the four 

polarization cases. Consequently, the new shape might result in equal brightness for 

all polarization cases.  
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