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Abstract: A single mode waveguide grating coupler based on multiple Si-SiO2 pairs onto Si 
substrate has been designed. Numerical analysis has been carried out to calculate optimum 
thickness of the layers of Si-SiO2 that ensures the constructive interference between reflected waves 
and actual guided wave for high coupling efficiency. Based on the results, an optimal design is 
developed and modeled by using a 2-D finite difference time domain (2-D FDTD) simulator that 
dictates a coupling efficiency of as much as 78% (-1.07 dB) at the wavelength of 1550 nm, and a 1-
dB bandwidth of 77 nm. The numerical method will be useful to calculate the optimum thicknesses 
of the layers for any reflector based grating coupler of different materials.  
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1. Introduction 

In recent years, nanoscale photonic technologies have attracted a lot of attention to co-develop 
photonic and electronic devices on silicon (Si) to provide a highly integrated electronic–photonic 
platform [1]. Silicon-on-insulator (SOI) technology that relies heavily on the contrasted indices of Si 
and SiO2, enables the design and integration of these photonic devices in submicronic scales, similar 
to the devices produced by a standard CMOS fabrication platform in electronic industry [2, 3]. One 
of the key challenges with these submicronic waveguide devices is enabling efficient coupling with 
fiber, which is caused mainly due to the mode-field differences between fiber and the waveguide, 
and the relative misalignments [4]. To overcome this challenge, various techniques including prism, 
butt, and grating coupling have been proposed. Among them, although butt coupling is an elegant 
solution for low loss and wideband operation, it often requires post processing for accurate polishing 
and dicing to taper the waveguide edges. Therefore, it is not suitable for wafer-scale testing [5-8]. 
Grating couplers, which mostly perform out of the plane coupling between a fiber and a waveguide, 
are also an attractive solution as light can be coupled in and out everywhere on the chip, opening the 
way for wafer-scale testing [9, 10]. 

However, despite such advantages, grating coupler often exhibits low coupling efficiency (CE) 
due to downward radiation of light that propagates towards substrate through buried oxide (BOX) 
which comprises 35%-45% of total incident light [11].  To minimize this propagation, various 
attempts have been made by improving the directionality such as poly-silicon gate layer based [12] 
and poly-silicon overlay based [13] grating coupler with CE of 74% and 78% respectively both of 
which require an additional layer of amorphous Si layer. A fully etched photonic crystal based 
uniform gating coupler is demonstrated with CE of 42% [14].  CE of 65% is reported in [15] by 
optimizing the grating parameters. An apodized grating coupler with theoretical CE of 72% is 
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reported in [16] by through-etched gratings.  A subwavelength grating coupler by implementing 
waveguide dispersion engineered subwavelength structures is designed in [17] with CE of -2.72 dB. 
A comprehensive design method is presented in [18] for achieving high CE in grating coupler where 
demonstrated CE of -0.62 dB is reported with nonuniform grating and using metal back mirror. An 
engineered RI of materials using fully etched photonic crystal holes in apodized grating is presented 
in [19] with demonstrated CE of 67%. By suppressing the second order Brag reflection from the 
grating using asymmetric grating structure, the CE of 80% is reported in [20] with nonuniform grating 
for perfectly vertical coupling. A binary blazed grating coupler for perfectly vertical and near vertical 
coupling is proposed in [21] with CE of 75% and 84% respectively. The above solutions have offered 
high directionality for improving CE, however, most designs are based on apodized and nonuniform 
grating which often require complex steps in CMOS process in compare to uniform grating. 

Apart from optimization of grating structures and parameters, insertion of mirror in the BOX is 
another solution to avoid the downward radiation in grating coupler. A grating coupler based on 
gold bottom mirror is proposed in [22] with theoretical and demonstrated CE of 72% and 69% 
respectively. However addition of gold mirror requires many extensive steps which are not 
compatible with CMOS. Another back side metal (aluminum) based grating coupler is demonstrated 
in [23] to enhance directionality with CE of 69%. Although this design avoids wafer-to-wafer bonding 
technique for adding aluminum layer, it is still beyond the scope of Si photonics as materials being 
used other than Si. Based on Distributed Brag Reflector (DBR) a design is proposed in [24] with 
theoretical CE of 92% where the grating are nonuniform. In [25] the downward radiating light has 
been reflected toward waveguide using a stack of amorphous-Si/ SiO2 Bragg bottom reflectors with 
theoretical and demonstrated CE of 82% and 69.5% respectively where the dimensions of Si and SiO2 
layers needs to be exactly of quarter wavelength. 

In this paper we propose an all-Si uniform grating coupler based on a new wafer structure with 
multiple pairs of poly Si-SiO2 onto Si-substrate. The thicknesses of the layers are analyzed 
numerically and derived mathematical equations to calculate optimum thicknesses for constructive 
interference to enhance CE of the reflector based grating coupler. This paper has taken a top-down 
approach to examine the issues related to a reflector based grating coupler for high CE. The 
characteristic parameters of the structure was studied, analyzed and optimized to achieve highly 
efficient and wideband grating coupler. Based on the optimized parameters, a design was developed 
and modeled by using a finite difference time domain (FDTD) simulator. The performance of the 
designed coupler was also thoroughly characterized for better clarity. 

2. Proposed Wafer Structure with Multiple Pairs of Si-SiO2 onto Si-Substrate 

As indicated earlier, coupling efficiency largely relies on how successfully the part of light 
passing through the BOX and the Si-substrate of a typical single layered structure can be reflected 
towards the waveguide. To enable such reflection, instead of a thicker SiO2 BOX layer, a wafer 
structure with multiple thinner layers of Si-SiO2 pair onto Si-substrate can be developed, a schematic 
diagram of which is shown in figure 1. Shown in figure 1, each Si-SiO2 interface acts as a mirror to 
reflect certain amount of light, and after several reflections, most of the light passed through the BOX 
and the Si-substrate combines with the light towards the waveguide. The insertion of Si and SiO2 
layers however isn’t straightforward, as the structure will complement coupling efficiency only if the 
reflected light waves from the Si-SiO2 interfaces interfere constructively with the originally guided 
light wave towards the waveguide. Therefore, to enable constructive interference, the path lengths 
traveled by the reflected light and the angle of interference at Si-SiO2 interfaces have to be chosen 
carefully. 

Shown in figure 1, let us assume that the reflected lights from the interfaces of Si and SiO2 layers 

of a m-pair structure reach the top Si waveguide with angles 1rθ , 11dθ  , 12dθ  , 13dθ  , 14dθ  and 1d nθ . 

These angles mainly depend on the angle of incidence inθ and the refractive indices (RIs) of Si and 
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SiO2, which by using the basic laws of refraction, can be shown to be equal to each other and 
calculated as, 

                 1
1 sin sintop

d in
si

n
n

θ θ−   
=   

  
                                       (1) 

where topn  and sin are the RIs of top cladding (air) and Si waveguide respectively. inθ is the angle 

of incidence measured clockwise from the normal to the gratings. 

 
Figure 1. Proposed structure with multiple layers of Si and SiO2 (BOX) pair onto Si-substrate that 
reflects the light passing through the BOX and the Si-substrate of a typical single layered BOX 
structure to interfere with the actual guided light wave at the waveguide. Only primary reflections 
towards waveguide are shown. 
 
The pattern of interference that is expected to happen due to the superposition of the reflected 

light with the actual guided light can be determined by the difference of path lengths (PL) travelled 
by each wave of interest. Shown in figure 1, there are two primary reflections per pair. Using Eq. (1) 
and geometry of the structure, the PL for each reflected wave and the corresponding guided wave 
can be calculated as follows: 

Path lengths travelled by the waves for the 1st pair of Si-SiO2 can be calculated by 

(2) 
where 

11refPL and 
12refPL are the PLs for the reflected waves for SiO2 and Si layers of 1st pair 

respectively, 
11wavePL  and 

12wavePL are corresponding PLs for the guided waves,
2SiOt and Sit  are 

the thicknesses of the SiO2 layer and Si layer of the pair, topn , 
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for the top cladding, SiO2 and Si layers, and inθ is the angle of incidence of light at the surface of the 
waveguide. 

To enable constructive interference between reflected and actual guided light, the difference of 
PLs needs to be an integer multiple of wavelength which can be calculated as 
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                                  (3) 

where PLΔ is the path length difference between reflected and actual guided light, k is an integer 
and λ is the wavelength of the light. 

Using Eq. (2) and (3), the value of k can be calculated for the thicknesses of SiO2 and Si at which 
k is an integer as shown in figure 2 (a). Figure 2 (b) shows the incident angles at which the k is an 
integer. 

 

 
Figure 2. Multiples of wavelengths for (a) thicknesses of the SiO2 and Si (b) incident angle 
 
Shown in figure 2, the integer values of k occur at the thicknesses of 1.000 µm ( 1k = ), 1.600 

µm ( 2k = ), 2.100 µm ( 3k = ), 2.600 µm ( 4k = ), 3.200 µm ( 5k = ), 3.700 µm ( 6k = ), 4.200 µm (
7k = ) of SiO2. Using Eq. (3), the thickness of SiO2 (

2SiOt ), Si ( Sit ) and thickness of Si-SiO2 pair ( pairt
) at which the constructive interferences occur are shown in table 1. 

Table 1: Thicknesses of the 1st pair for constructive interference between reflected and 
guided light. 
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2SiOt  (µm) 0.500  1.100 1.600 2.100 2.600 3.200 3.700 

Sit  (µm) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 

pairt  (µm) 0.600 1.200 1.700 2.200 2.700 3.300 3.800 
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where m  is the number of pair and n  is the layer of SiO2 ( )1n = and Si ( )2n =  of the thm  pair. 

Using Eq. (3) and (4) the optimum thickness of 2nd pair can be calculated at which the value of k
is an integer for constructive interference between reflected and guided light. Shown in figure 3, the 
integer values of k happen at the thicknesses of SiO2 of 400 nm, 900 nm, 1400 nm and 1900 nm. 
Therefore the total thicknesses of the 2nd pair can be obtained by adding 100 nm of Si with the 
thicknesses of SiO2. 

 

Figure 3. Values of k  for the different thicknesses of 2nd pair of Si-SiO2 

3. Designed Grating Coupler based on the Proposed Multi-layer Structure 

The schematic diagram and the specifications of the grating coupler designed based on the 
proposed multi-layer structure is shown in figure 4. It consists of a SOI wafer with top Si layer of 220 
nm for single mode operation of the coupler.  The BOX layer is incorporated with two pairs of Si-
SiO2, with top pair of 500 nm SiO2 and 100 nm Si layers and bottom pair of 400 nm SiO2 and 100 nm 
Si. The gratings are etched at the top Si layer. The grating period ( )Λ  is calculated using the equation 

below [26]: 

              ( )sineff top inn n
λ

θ
Λ =

−
                                              (5) 

where λ is the wavelength of light incident on the surface of the grating structure, effn is the effective 

RI of the structure, topn is the RI of the top cladding, and inθ is the angle of incidence with normal to 

the surface of the structure. By using fully vectorial mode solver of LumericalTM [27], effn  is found 

to be 2.006, and by setting target wavelength at 1550λ = nm, 1topn = (air), and 012inθ = − , grating 

period is calculated to be 700 nm. The etch depth (d) and grating width (w) are also optimized for 

maximum efficiency and found to be 80 nm and 400 nm respectively, with a filling factor ( )w Λ of 

0.571. Therefore, after etching the grating depth of 80 nm, a 140 nm silicon layer remains as 
waveguide below the gratings. 
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Figure 4. Schematic diagram of the proposed multi-layer structure grating coupler with design 

parameters. 
 
The fabrication of the proposed structure is fully compatible with standard CMOS process 

technology. To develop a photonic circuitry, a 2 µm SiO2 layer for isolation can be deposited on a 
bare silicon wafer using high density plasma. To deposit the reflector layers on SiO2, the surface of 
SiO2 layer is needed to be polished by chemical mechanical polish (CMP). After deposition of reflector 
layers comprising of 100 nm Si      400 nm SiO2     100 nm Si     500 nm  SiO2 by high density 
plasma, a 220 nm layer of poly-Si can be deposited by plasma enhanced chemical vapour deposition 
(PECVD) process. Finally, the grating structure can be realized on top Si layer using 193 nm optical 
lithography and dry etching. 

 
4. Performance Characterization and Discussion 

The proposed grating coupler is simulated using 2-D FDTD of Lumerical SolutionsTM, a 
commercially available software package to design silicon photonics devices [28]. A TE polarized 
Gaussian shaped light source is applied on the surface of the gratings with Mode-Field Diameter of 
10 µm which is comparable with standard single mode fiber (SMF).  The position of the optical 
source is optimized as 1500 nm above the grating surface and 1700 nm away from the left end of 
grating as shown in figure 4. The TE mode field distribution in the BOX and the silicon waveguide 
region including the impinging Gaussian beam region is shown in figure 5. Figure 5(a) shows the 
propagation of light when there was only BOX layer (SiO2) on the Si substrate and figure 5(b) shows 
the propagation at the presence of multiple layers of Si-SiO2 pairs onto Si-substrate. 

For fair comparison, other parameters of the coupler were kept unchanged. Shown in figure 5(b), 
light through the BOX layer has been reduced significantly at the presence of Si-SiO2 layers. Figures 
5(c)-(d) show the TE mode profiles of light from the point of incidence of the grating coupler along 
the Si waveguide. The incident light, that is scattered by the surface gratings, propagates in +x, –x, 
and –y directions. The lights along +x and -x directions diffract upwards and interfere with the 
incident light which form a standing wave with resonance around the point of incidence. As a result, 
maximum light occurs at the point of incident (x = -5.5 µm) which is 1700 nm away from the left-most 
end of the grating, as shown in figures 5(c)-(d). The addition of Si-SiO2 layers onto Si-substrate 
increases the light up to 78% (figure 5 (d)) whereas light was about 40% without Si-SiO2 layers (figure 
5 (c)). This is due to the fact that light propagating through the BOX and Si-substrate was never 
collected back and wasted completely. The Si-SiO2 layers onto Si-substrate reflect the wasted light 
back to the waveguide and recollected to increase the delivery of optical power. 
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Figure 5. TE mode distribution of light in the proposed grating coupler at the wavelength of 1550 nm 
for the structures (a): without any Si-SiO2 pair inside the BOX, and (b): with Si-SiO2 layers inside the 
BOX.  (c) and (d) represent the respective profiles of the TE mode of light for the structures again 
without and with Si-SiO2 layers inside the BOX. 

 
To achieve high CE, the thickness of the SiO2 at which constructive interference happen has been 

chosen based on equations (2) and (3). Figure 6 shows the CE over a range of telecommunications 
wavelengths where it can be seen that the maximum CE is achieved for the BOX thicknesses at which 
the value of k in Eq. (3) is an integer. Figure 6(a) shows CE for SiO2 thicknesses of constructive 
interference whereas figure 6(b) shows CE for some SiO2 thicknesses of destructive interference 
where the value of k is other than an integer. Shown in figure 6(a), the maximum CE happens at the 
thicknesses of 500 nm, 1100 nm, 1600 nm, 2100 nm as obtained in table1 using Eq. (2) and (3). 
Although high CEs (81% and 80%) are achieved at the thickness of 1100 nm at 1557 nm wavelength 
and at the thickness of 1600 nm at 1554 nm wavelength respectively, the CEs are over narrow 
wavelength range. For the thickness of 500 nm, the high CE (78%) is achieved over wide range of 
wavelengths. When the thicknesses of SiO2 such that the value of k is apart from an integer, the CE 
decreases as shown in figure 6(b). As the difference between thicknesses at which k is an integer and 
non-integer increases, the CE keep decreasing. 

Similarly, the thickness of the 2nd pair can be calculated using Eq. (3) and (4) at which the value 
of k is an integer and hence the waves interfere constructively. Figures 6 (c) and (d) show the CE 
over a range of wavelengths for the thicknesses of 2nd pair. For the thicknesses of 400 nm, 900 nm, 
1400 nm and 1900 nm of SiO2 of 2nd pair where the k  vale is an integer and the waves interfere 
constructively and the CE enhanced to around 78% over a wide range of wavelength as shown in 
figure 6(c) where as for the thicknesses of SiO2 at which the k value is other than an integer, the 
waves interfere destructively and the CE falls lower as shown in figure 6(d). 
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Fig.6. Coupling efficiency vs wavelengths (a) thicknesses of SiO2 for which k is an integer and hence 
constructive interference occurs (b) thicknesses of SiO2 from 200 nm to 1100 nm. At 500 nm and 1100 
nm thicknesses constructive interferences occur and deviation from these thicknesses results in 
destructive interference which causes lower CE (c) for different thicknesses of 2nd pair of Si-SiO2 
where constructive interferences occur (d) for different thicknesses of 2nd pair of Si-SiO2 where 
destructive interferences occur. 
 

To quantify the optimum values of CE and CBW, the proposed coupler is characterized for 

various performance influencing parameters including (i) position of the fiber (optical source) on the 

grating surface, (ii) angle of incidence, (iii) grating filling factor, (iv) etch depth and waveguide 

thickness (v) number of Si-SiO2 pairs onto Si-substrate. From here on all the characterization of 

influencing parameters is performed by keeping the mirror thickness and position constant. 

The relationships among various axial positions (both horizontal and vertical) of fiber on the 

grating surface, coupling efficiency and coupling bandwidth are shown in Fig. 7 (a). It shows that the 

horizontal positioning of fiber has a significant effect on both CE and CBW, whereas, vertical 

positioning has very little to do in this regard.  The maximum coupling efficiency (CE = 78%, -1.07 

dB) and bandwidth (CBW1-dB = 77 nm) are achieved at 1500 nm above the grating surface and 1700 

nm away from the left-most starting point of the grating structure. Fig. 7 (b) characterizes various 

CEs and CBWs with different angles of incidence of light. It shows that CE follows approx. periodic 

highs and lows with the changes in angles of incidence and the picture is quite different for CBWs, 

which shows a gradual decrease from the highest value due to the changes in angles of incidence. 

The figure also shows that the highest CE and CBW both happen at an incident angle of around -120.  
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Coupling bandwidth of any grating coupler is highly reliant on the grating filling factor ( )ff , 

where higher ff enables more light to couple to the waveguide of longer wavelengths, and lower ff
enables to couple more light of shorter wavelengths. The CEs in regard to wavelengths for 80% ff
and 30% ff are shown in Fig. 8 (b). In order to achieve higher coupling bandwidths, the ff must be 

chosen in such a way that the coupling of light for both longer and shorter wavelengths is optimized 
simultaneously. In our design the optimized filling factor ( ff w= Λ ) is 57.1% at which the maximum 

bandwidth is achieved. The thickness of the Si waveguide is optimized as 220 nm and grating is 

formed by etching this layer. The optimum etch depth is found to be 80 nm which is 40% of the 

waveguide thickness for maximum coupling efficiency and bandwidth as shown in Fig. 8 (a). 

 

 
Fig. 7. (a): The relationships among various axial (both vertical and horizontal axis) positions of the 

fiber on the grating surface, coupling efficiency at wavelength of 1550 nm and coupling bandwidth. 

“0” in the horizontal scale refers the left-most starting point of the grating structure (b): The 

relationships among various incident angles, coupling efficiency at wavelength of1550 nm and 

coupling bandwidth. 

 

 
Fig. 8. (a): Coupling efficiency at wavelength of 1550 nm and bandwidth with respect to the etch 

depth. “0” in horizontal scale refers non-etched and “220” as fully-etched for the waveguide 

thickness of 220 nm (b): Coupling efficiency vs. wavelength for higher and lower grating filling 

factors.  
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Fig. 9. (a): Coupling efficiency at wavelength of 1550 nm and bandwidth for number of Si-SiO2 pair 

inside the BOX (b): coupling bandwidth of the proposed grating coupler, with and without reflective 

pairs. 

 

Fig. 9 (a) characterizes the coupling efficiency at the wavelength of 1550 nm and bandwidth for 

number of Si-SiO2 pairs in the BOX layer. It shows that coupling efficiency keeps increasing until 

virtually saturated after just two Si-SiO2 pairs whereas coupling bandwidth decreases with number 

of additional Si-SiO2 pairs after two as shown in Fig. 9 (a). 
With such optimized values of fiber positions (1500 nm above the grating surface and 1700 

nm from left-most end of the gratings), incident angle ( 012inθ = − ), grating period ( 700Λ = nm), 

filling factor ( 57.1%)ff = , etch depth (80 nm), waveguide thickness (twg = 220 nm ) and two pairs 

of Si-SiO2 on Si substrate, the 1-dB coupling bandwidth of the proposed coupler is recalculated 
and found to be 77 nm as shown in Fig. 9 (b). 

 

5. Conclusion 

We have numerically analyzed the downward radiation in reflector based grating coupler. 

Results show that the thicknesses of the BOX and reflector layers are the decisive factors for designing 

highly efficient grating coupler. We developed mathematical formulas specifically for reflector based 

grating coupler that can readily be used to calculate the optimum thicknesses of the layers for high 

coupling efficiency. Based on the findings, a highly efficient and wideband grating coupler with 

multiple Si-SiO2 pair  in the BOX layer has been designed with achieved  coupling efficiency of 78% 

(-1.07 dB) at the wavelength of 1550 nm, and 1-dB bandwidth of 77 nm.  In our knowledge, this is 

the highest designed coupling efficiency and bandwidth reported together for any diffraction based 

grating coupler. The coupling efficiency can further be improved over 90% by minimizing the back 

reflection and implementing the mode matching condition between optical fiber and waveguide 

modes which can be achieved using apodized grating. 
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