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Abstract: We present a rigorous approach for designing a highly efficient 
coupling between single mode optical fibers and silicon nanophotonic 
waveguides based on diffractive gratings. The structures are fabricated on 
standard SOI wafers in a cost-effective CMOS process flow. The measured 
coupling efficiency reaches −1.08 dB and a record value of −0.62 dB in the 
1550 nm telecommunication window using a uniform and a nonuniform 
grating, respectively, with a 1dB-bandwidth larger than 40 nm. 
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1. Introduction 

As the need for higher data rates is nowadays rising more and more, the demand for high 
bandwidth communication increases at all levels. This includes long, medium and short reach 
interconnects starting from data centers down to backplanes, chip-to-chip and on-chip 
communication links. The optical interconnection technology has been proved to be the best 
candidate to replace the electrical copper links at high data rates owing to the larger 
bandwidth, lower energy consumption and immunity to electromagnetic interference. 
Nevertheless, the high costs produced by the assembling of discrete optics represent a major 
obstacle for this emerging technology. Indeed, the integration of optical devices enabled a 
substantial progress in the realization of more cost-effective solutions to achieve a high-speed 
connectivity, but no universal approach has yet been adapted. The photonic integration needs 
to be compatible with conventional technology processes to maintain low-cost manufacturing 
and the integrated components have to exhibit the same or better performance than their 
stand-alone counterparts. Here, the question which semiconductor platform will be the most 
adequate choice is still controversial since each approach has its advantages and drawbacks. 
While silicon-on-insulator (SOI) is gaining more and more interest due to the maturity of the 
complementary metal-oxide-semiconductor (CMOS) fabrication process and the ability for 
high-density integration, other materials such as indium phosphide (InP) offer even more 
functionalities, e.g. optical amplifiers and lasers [1], whereas the silicon-nitride-silicon-
dioxide (Si3N4-SiO2) TriPleX platform provides lower waveguiding and coupling losses [2]. 
Furthermore, several groups are investigating some mixed approaches, for example based on 
the silicon-organic hybrid (SOH) [3] integration or the combination of silicon photonics with 
III/V semiconductors [4], and have shown an enhanced performance in terms of speed and 
power consumption. It turns out that for short and middle term the hybrid integration may be 
the most meaningful solution for optical interconnects to benefit from the advantages of each 
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material. In addition, the field of silicon photonics has to continue to be developed since it 
represents an excellent low-cost host platform and is compatible to the existing electronic 
system architectures. 

Indeed, a significant progress has been achieved in silicon photonics to enhance the 
performance of the key devices for optical interconnects starting from the coupling elements 
to passive waveguides, high-speed photodetectors [5], modulators, and recently monolithic 
germanium-on-silicon lasers [6], but many obstacles are still encountering this technology. 
One of the primary problems is how to couple light efficiently from the optical fiber backbone 
to the photonic integrated circuits (PICs). As the SOI platform offers a high refractive index 
difference between core and cladding, the cross section of single mode waveguides is a factor 
of ~10−3 smaller than that of standard single mode fibers (SMF), and hence the large 
dimension mismatch induces large coupling losses. To bridge the gap between silicon PICs 
and the outside world, highly efficient coupling structures have to be developed with the 
stringent conditions to be compact in size, broadband and cost-effective in fabrication. In fact, 
an elegant solution based on diffractive gratings has been shown around ten years ago to have 
a theoretical efficiency better than −0.5 dB with a large bandwidth [7], but this value has not 
been realized in the reality up to now. In this paper we review the last progress on grating 
couplers and demonstrate a highly efficient structure with a record measured value of  
−0.62 dB, a 1dB-bandwidth of 40 nm, and compact dimensions as small as 15 µm x 15.2 µm. 

2. Latest developments on coupling structures 

Due to the importance of the coupling issue between optical fibers and PICs, several groups 
have proposed different solutions to enhance the efficiency, for example using three-
dimensional spot-size converters [8] or inverted tapers [9]. These structures exhibit a high 
efficiency in the order of −0.5 dB in addition to a low polarization and wavelength 
dependence. Recently, a knife-edge inverted taper has been reported with a coupling 
efficiency of −0.35 dB and −0.21 dB for transversal electric (TE) and transversal magnetic 
(TM) polarizations, respectively [10]. However, such kinds of couplers have large dimensions 
with a length of several hundreds of µm and work in general only for lensed fibers. In 
addition, the chips have to be diced and edge polished to ensure horizontal butt-coupling for 
measurement and testing purposes. 

The other approach is based on diffractive gratings [11], which couple light vertically or 
under a small tilt angle from a standard fiber to any integrated waveguide on the chip or vice 
versa, as it can be seen in Fig. 1(a). Thus, this allows a wafer-scale testing with easy fiber 
adjustments and good alignment tolerances of nearly ± 2 µm for 1 dB loss penalty in lateral 
and longitudinal directions [12]. Moreover, with compact dimensions smaller than  
20 µm x 20 µm, a large 1dB-bandwidth of around 40 nm, and ability to work as polarization 
beam splitters, these coupling elements provide almost all advantages needed in optical links. 
The only missing feature is the high efficiency, which can make grating couplers compete 
with the inverted tapers. Indeed, there has been an important development along the last years 
with the target to achieve a better efficiency than −1 dB using different approaches, however, 
with a limited success. Figure 1(b) shows the most important experimental results reported in 
literature over the last ten years. Starting from the first structures with an efficiency of only 
around −7 dB [11–13], the performance has been quickly ameliorated using different 
methods, such as dual grating-assisted directional coupling [14], gold mirrors [15], distributed 
Bragg reflectors (DBR) [16], and apodized gratings [17–20], to reach a record value of  
−0.62 dB as it is demonstrated in this work. Here, we will show how the benchmark of −1 dB 
can be exceeded to achieve efficiencies even better than −0.5 dB in the near future. 
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Fig. 1. (a) Schematic design of a grating coupler with an optical fiber core on top. (b) Summary 
of published experimental results of grating couplers with respect to their coupling efficiency 
over the last ten years. 

3. Design of highly efficient grating couplers 

The overall efficiency η = Pout/Pin can be expressed as the product of following factors [21] 

 1 2 3,η η η η= ⋅ ⋅  (1) 

where η1 represents the scattering efficiency 
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η2 describes the directionality, i.e. the ratio of the diffracted optical power from the integrated 
waveguide to the fiber, or vice versa, to the total diffracted power 

 2 ,up

up down

P
P P

η =
+

 (3) 

and η3 represents the overlap integral between the upward diffracted field and the fiber 
fundamental mode in longitudinal and lateral directions, 
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where Eup and Eout correspond to the electric field distributions of the scattered wave and fiber 
mode, respectively. Here we assume that the grating is passivated by a SiO2 layer and a 
matching index material is introduced between the cladding and the fiber to prevent Fresnel 
reflections. This can be done using for example light-curing resins or matching index liquids. 

To achieve a high scattering efficiency η1 ~1, it is enough to design a sufficiently long 
periodic grating that fulfills the Bragg condition at the target wavelength. Hence, the main 
factors to realize a large overall efficiency are the directionality and matching the upward 
diffracted field to the Gaussian mode of the SMF. The former quantity can be enhanced using 
a DBR [16] or a metal layer as a perfect mirror [15,22], which reflect back the downward 
optical power, and thus prevent substrate losses. The distance between the grating and the 
backside mirror is of main importance since the light has to be redirected constructively to 
achieve an optimal directionality. Simulation and measurement results have shown that the 
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efficiency can be improved by around 1.5 dB in comparison to standard grating couplers 
when designing the reflector adequately [22]. Nevertheless, the overall efficiency of a 
uniform grating can theoretically attain only a maximum value of nearly −0.8 dB due to the 
mismatch between the diffracted field profile and the fiber beam profile of the optical fiber, 
which can be seen in Fig. 2(a) for a grating period Λ = 600 nm and a fill factor FF = 0.5. 

The output beam of the uniform grating has an exponentially decaying function along the 
propagation direction, and so the spatial distribution of the scattered power, which induces a 
limited overlap integral with the Gaussian function of the SMF. Hence, the diffracted field has 
to be reshaped to adapt the fiber mode profile by adjusting the coupling strength of the 
grating. Here, the radiated field needs to be reduced at the interface to the input waveguide 
and maximized around the middle of the grating to exhibit a Gaussian-like shape. For this 
purpose we have implemented an algorithm that adapts the length and fill factor of each 
period to achieve the best overlap with the fiber mode, and therefore the highest coupling 
efficiency, taking into account the minimal size of the ribs r and grooves g that can be 
technologically realized. The fill factor is defined here as the ratio of the rib to the period 
length, i.e. FF = r/(r + g) = r/Λ. 

The algorithm is implemented in MATLAB and the two-dimensional (2D) simulations are 
carried out using the open source software CAMFR, which is based on an eigenmode 
expansion method. The starting structure is a standard uniform grating with a backside metal 
mirror, 26 periods, Λ = 600 nm, and FF = 0.5 for TE polarized light at a wavelength of  
1550 nm. The silicon (Si) waveguide and the buried oxide (BOX) have a thickness of  
dSi = 250 nm and dBOX = 3 µm, respectively, the etch depth of the grating is 70 nm, and the 
fiber off-vertical tilt angle is 9°. In a first step the algorithm sweeps the fill factor from 0.01 to 
0.99 for a set of period values around 600 nm starting from the first rib-groove pair and saves 
the dimensions that deliver the highest coupling efficiency. This procedure is applied 
subsequently for all rib-groove pairs and is defined as a generation. The routine is repeated 
again for the whole structure, until the obtained result converges, i.e. the efficiency 
improvement is smaller than 0.1%. The number of iterations is defined then as the product of 
the rib-groove pairs and the number of generations. In a second step each rib or groove, a so-
called element, is optimized separately starting from a variation of ± 10 nm down to ± 1 nm. 
A generation is defined here when all ribs and grooves are investigated during a single 
optimization cycle. The routine is repeated again for the whole structure, until no higher 
efficiency can be obtained. In this step the number of iterations corresponds to the product of 
the number of elements and generations. This procedure serves solely as a refinement step 
since only a predefined set of periods and fill factors are taken into consideration in the first 
step in order to ensure a relatively short simulation time. The whole optimization takes nearly 
26 h on an 8-core processor. The used algorithm can be adapted for TM polarized light, for 
gratings working as 3dB-splitters, or also for 2D polarization splitting grating couplers [23]. 

Figure 2(b) shows the typical progression of the efficiency as a function of the overall 
iteration steps. The first iterations are determining and indicate an enhancement of ~0.4 dB, 
whereas the second step of the algorithm increases the efficiency by solely 0.1 dB. The reason 
for this behavior is that the first few periods at the interface to the input waveguide are 
responsible for the high power radiation, and it is sufficient to adapt the fill factor in this small 
section to decrease the coupling strength and get a Gaussian-like shape of the diffracted field. 
Figure 2(c) illustrates both fiber and field profile of the obtained nonuniform grating. It is 
clear that the similarity of the radiated beam form to the SMF Gaussian function is much 
better than for the periodic case, which explains the large efficiency > −0.5 dB driven by the 
higher overlap. Moreover, the alignment tolerance along the z-direction is improved to better 
than ± 2.5 µm for 1 dB loss penalty, as it can be seen in Fig. 2(d). 
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Fig. 2. (a) Fiber mode profile versus diffracted field profile of a periodic grating with 26 
periods, Λ = 600 nm, FF = 0.5, and 5 µm long input and output waveguides at 1550 nm. The 
mode field diameter of the SMF is 10.4 µm. (b) Typical overall coupling efficiency 
progression using the optimization algorithm. The first iteration corresponds to the periodic 
grating. (c) Fiber mode profile versus diffracted field profile of the obtained nonuniform 
grating. (d) Alignment tolerance along the z-direction of both grating couplers. The origin 
corresponds to the z-position of the fiber at highest transmission. (e) Coupling efficiency 
spectrum of the three designed structures with variable critical dimensions. (f) Overlap integral 
in lateral direction η3,y versus grating width. 

Since the Gaussian shape requires very small grating parameters < 100 nm at the interface 
to the input waveguide, which can be technologically challenging, different optimizations 
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with variable critical dimensions have been carried out. While the first grating should have no 
stringent conditions, the second structure should have a minimum rib and groove length of 
100 nm and 60 nm, respectively, to be able to be realized by our electron beam lithography 
system. The third structure has to be limited to at least 100 nm for both parameters, so that it 
may also be fabricated by means of UV lithography. The final results are verified by the 
commercial software RSoft using a 2D finite-difference-time-domain (FDTD) method. Figure 
2(e) represents the simulated FDTD-spectrum of the three obtained gratings. The first 
structure (GC1) has a minimum rib and groove length of rmin = 87 nm and gmin = 42 nm, 
respectively, and exhibits a coupling efficiency of −0.26 dB at 1550 nm. The second structure 
(GC2) with rmin = 115 nm and gmin = 60 nm shows an efficiency of −0.33 dB, whereas the 
third grating (GC3) with rmin = 115 nm and gmin = 110 nm still exhibits a high value of  
−0.41 dB. That means even with relaxed parameters the coupling efficiency can theoretically 
exceed −0.5 dB. All three structures show a high 1dB-bandwidth of nearly 43 nm. 

These results are achieved using 2D simulations to reduce computing time and expense, 
and hence no information on the third dimension is delivered. That means that the simulated 
curves correspond to the overall efficiency η only under the condition that η3,y = 1. To 
maintain the obtained high coupling efficiency, the overlap integral in the lateral direction has 
therefore to be maximized, i.e. the width of the grating has to be designed so that no 
considerable loss penalty is introduced. Assuming a Gaussian distribution of the waveguide 
fundamental mode and no conversion losses between the waveguide and the grating, the 
overlap integral with the SMF mode in the y-direction can be approximated for different 
widths. Figure 2(f) shows that for maximal lateral matching with an overlap higher than 90% 
the grating width has to be between 11 µm and 16 µm. Smaller and larger values may produce 
a mismatch and derogate the overall efficiency. 

4. Experimental results 

The structures are fabricated on a SOI wafer with a 3 µm BOX and a 250 nm Si-layer 
thickness using a standard CMOS technology process [22]. The gratings and waveguides are 
defined by electron beam lithography and realized by a two-step dry etching. Afterwards, a  
1 µm passivation layer is deposited on top of the wafer and membrane windows are etched on 
the backside of the wafer underneath the gratings. Finally, an aluminum (Al) layer is 
deposited in these mirror windows. To measure the efficiency of the designed couplers, two 
identical gratings serving as input and output optical power interfaces, linked by a 1 mm long 
and 15 µm wide waveguide, are fabricated. The efficiency in dB is then determined as half the 
difference between the output and input optical power in dBm since the waveguide losses can 
be neglected [22]. When designing integrated circuits based on single mode waveguides with 
a width in the order of 400 nm, a taper with a length of around 200 μm at least has to be 
introduced to prevent mode conversion losses to the wide gratings. Alternatively, some 
focusing schemes can be adopted to decrease the taper length to less than 15 μm [24]. It 
should be noted that a fused silica matching liquid (Cargille 50350) is used in the 
measurements in order to prevent Fresnel reflections between the fibers and the top 
passivation layer. 

First, two standard uniform gratings with a period of 600 nm and 850 nm for TE and TM 
polarizations, respectively, are investigated. The TE-grating exhibits a coupling efficiency of 
−1.08 dB at 1551 nm and 9° with a 1dB-bandwidth larger than 42 nm, whereas the TM-
grating shows a similar behavior and an efficiency of −1.14 dB at 1550 nm and 8° with a 1dB-
bandwidth larger than 43 nm, as it can be seen in Figs. 3(a) and 3(b). The difference to the 
simulation results is only ~0.2 dB, which shows the high quality of the fabrication process. It 
should be noted that the efficiency is enhanced by 0.5 dB in comparison to the value reported 
in [22] since the grating width is increased from 10 µm to 15 µm, and hence a better lateral 
matching to the fiber mode is guaranteed. 
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Fig. 3. Measured coupling efficiency of a grating coupler at different angles with  
(a) Λ = 600 nm and FF = 0.5 for TE, and (b) Λ = 850 nm and FF = 0.5 for TM-polarization. 
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Fig. 4. (a) Scanning electron microscope (SEM) picture of the fabricated nonuniform grating 
GC2. (b) Measured coupling efficiency of the structure at different angles. (c) Distribution of 
the BOX thickness on a typical SOITEC wafer with 3 µm nominal value. 

The fabricated nonuniform coupler GC2 is illustrated in Fig. 4(a) and the dimensions of 
the grating are 15 µm x 15.2 µm. At the designed fiber tilt angle of 9° the efficiency reaches 
its maximum −0.74 dB at the target wavelength 1550 nm, which shows the good agreement 
between simulation and experiment except the slightly lower value. The best measured 
coupling efficiency is −0.62 dB at a wavelength of 1531 nm and 11° with Δλ1dB = 40 nm and 
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Δλ3dB = 67 nm, as it can be seen in Fig. 4(b). To the best of our knowledge, this is the highest 
measured efficiency on a grating coupler reported to date. Here, we can also introduce the 
definition of the efficiency-bandwidth-product EBP = η · Δλ3dB to describe the tradeoff 
between both quantities and get a value of 58 nm. The 19 nm blue shift of the highest 
efficiency from the target wavelength 1550 nm and the 0.29 dB lower value than in theory can 
be attributed to the accumulated parameter deviations, such as the Si layer thickness and the 
critical dimensions of the small ribs and grooves. In addition, the BOX thickness has been 
determined to be smaller than assumed, which also shifts the transmission maximum to 
smaller wavelengths and larger tilt angles. Figure 4(c) illustrates a typical distribution of dBOX 
on a SOITEC wafer with a nominal thickness of 3 µm measured using a spectroscopic 
ellipsometer and shows a mean value of ~2.96 µm. Finally, the grating width may need to be 
adjusted to achieve a better overlap in the lateral direction. 

Despite these small deviations, the efficiency still exceeds −0.75 dB at the target angle and 
wavelength. The designed grating coupler GC3 with the relaxed dimensions has also been 
fabricated and characterized and exhibits a highest efficiency of −0.73 dB at 12° and 1522 nm 
with a 1dB-bandwidth of 38 nm. 

To verify the reproducibility of the high efficiency results, the same structure including 
two grating couplers GC2 linked by a 1 mm long waveguide is placed on different positions 
on the whole wafer. The measured efficiency of the 19 structures is depicted in Fig. 5(a). It 
can be seen that only 5 structures have an inferior performance, whereas the rest exhibits an 
efficiency better than −0.7 dB, giving a yield of nearly 75%. The gratings with an inferior 
behavior originate from the very edges and the derogated efficiency is caused by the poor 
quality of the metal mirrors underneath, as it can be observed in Fig. 5(b). 

In fact, as the Si substrate thickness varies in the range of 625 µm ± 15 µm, some residuals 
can persist in the membrane windows after the backside etching step. Hence, the metal 
deposition cannot occur properly on the BOX and the remaining Si clusters may prevent the 
constructive interference of the reflected part with the upward diffracted field due to the 
additional thickness. This problem can be solved for example by trying to overetch the 
substrate without affecting the BOX layer. Regardless of the few structures with a lower 
performance, the technological process can be considered as highly reliable and the fabricated 
nonuniform gratings with the backside Al mirror exhibit unprecedented results. 
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Fig. 5. (a) Measured coupling efficiency of the 19 fabricated gratings GC2 on the whole wafer. 
(b) Microscopic pictures of two backside metal mirrors at different positions on the wafer.  
Top: perfect membrane window, bottom: window with silicon residuals. 
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5. Conclusion 

We have given in this work a short summary on the last developments on coupling structures 
between single mode fibers and photonic integrated waveguides in silicon. Furthermore, we 
have presented a method how to design outperforming grating couplers with efficiencies 
higher than −0.5 dB and demonstrated a structure with a record measured efficiency of  
−0.62 dB at a wavelength of 1531 nm and a 1dB-bandwidth of 40 nm. The performance is 
improved through a backside metal mirror to enhance the directionality and an aperiodic 
grating that diffracts the field in a Gaussian-like form, and hence improves the overlap with 
the fiber mode. In addition, the grating width is increased to 15 µm in comparison to previous 
works, and thus allows a better overlap in the lateral direction. The repeatability of the results 
is determined to be around 75%. We believe that efficiencies −0.5 dB can be experimentally 
achieved with even a better yield when the structures are designed more properly using the 
exact wafer parameters and the technological process is better controlled. The obtained results 
can be considered as a milestone in the silicon photonics since the coupling gap between 
optical fibers and nanophotonic integrated waveguides is bridged using the presented highly 
efficient designs. 
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