
Journal of the Optical Society of Korea

Vol. 20, No. 2, April 2016, pp. 291-299

- 291 -

Comparative Study of Uniform and Nonuniform Grating Couplers for Optimized Fiber 

Coupling to Silicon Waveguides

Moon Hyeok Lee, Jae Young Jo, Dong Wook Kim, Yudeuk Kim, and Kyong Hon Kim*

Department of Physics, Inha University, Incheon 22212, South Korea

(Received November 25, 2015 : revised February 18, 2016 : accepted February 19, 2016)

We have investigated the ultimate limits of nonuniform grating couplers (NGCs) for optimized fiber 

coupling to silicon waveguides, compared to uniform grating couplers (UGCs). Simple grating coupler 

schemes, which can be fabricated in etching steps of the conventional complementary metal-oxide 

semiconductor (CMOS) process on silicon-on-insulator (SOI) wafers without forming any additional overlay 

structure, have been simulated numerically and demonstrated experimentally. Optimum values of the grating 

period, fill factor, and groove number for ultimate coupling efficiency of the NGCs are determined from 

finite-difference time-domain (FDTD) simulation, and confirmed with experimentally demonstrated devices 

by comparison to those for the UGCs. Our simulated results indicate that maximum coupling efficiency 

of NGCs is possible when the minimum pattern size is below 50 nm, but the experimental value for the 

maximum coupling efficiency is limited by the attainable fabrication tolerance in a practical device process.
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I. INTRODUCTION

Grating couplers (GCs) are the most convenient means 

to couple a light beam between photonic integrated circuits 

(PICs) and external optical fibers [1, 2]. The silicon-on- 

insulator (SOI) platform is widely used to form planar 

integrated photonic devices. Optical input and output beams 

to and from silicon-based integrated photonic devices mostly 

require single-mode fibers. However, there is a significant 

mismatch of the confined optical mode sizes between the 

optical fiber and silicon waveguide, because a conventional 

optical fiber has a core size of about 10 micrometers, while 

the silicon waveguide has a core size of a few hundred 

nanometers. GCs are simple, easy tools for optical coupling 

between silicon waveguides and optical fibers, because they 

can be formed anywhere on the silicon photonic chip for 

vertical coupling, while the conventional edge coupling of 

a planar waveguide to an optical fiber requires tapering 

waveguide ends and antireflective coatings on the ends of 

the fiber and waveguide.

However, in spite of their beneficial properties, GCs 

have the one major drawback of limited coupling efficiency, 

which results in relatively high coupling loss, usually 

above 3 dB with conventional uniform grating structures. 

This coupling loss results mainly from the mode mismatch 

between the fiber mode and the scattered beam profile 

from the GC, and from the optical beam leakage though 

the waveguide bottom beneath the GC. The beam profile 

of the optical fiber core is a Gaussian shape, but the scattered 

beam profile of the conventional GCs in a uniform grating 

structure is not Gaussian. Thus the optical loss due to this 

mode mismatch causes an optical coupling loss larger than 

1 dB. To reduce this mode mismatch, various schemes have 

been demonstrated for modifying the out-coupled scattering 

beam profile of the GCs, by varying the depth or width of 

the grating grooves. [3-6] These methods require precise variation 

of groove size or a very small groove dimension, or necessitate 

additional CMOS processes. L. He et al. [7] have demon-

strated a high-efficiency nonuniform grating coupler (NGC) 

utilizing a grating structure with spatially varying groove 

ISSN: 1226-4776(Print) / ISSN: 2093-6885(Online)

DOI: http://dx.doi.org/10.3807/JOSK.2016.20.2.291



Journal of the Optical Society of Korea, Vol. 20, No. 2, April 2016292

(a)

(b)

FIG. 1. (a) Schematic diagram of a uniform grating coupler 

and a coupling optical fiber. (b) SEM image of a fabricated 

grating coupler.

FIG. 2. Calculated coupling efficiency of the UGC as a 

function of the period Λ and the fill factor ff .

sizes, but relatively large minimum feature sizes. 

Further enhancement of the coupling efficiency has been 

achieved using apodized waveguide grating structures or 

an overlay layer [8-11]. Various apodized grating structures 

have been also proposed or demonstrated to achieve improved 

coupling efficiencies of the NGCs. The apodized grating 

structures reduce back reflections, leading to better mode 

matching with the Gaussian fiber mode, and thus providing 

a significantly enhanced coupling efficiency, although they 

require additional fabrication processes or unconventional 

SOI geometries.

In this paper we have investigated various parameters 

for uniform grating couplers (UGCs) and nonuniform grating 

couplers (NGCs) for optimized fiber coupling to silicon 

waveguides. We have considered simple UGC and NGC 

schemes that can be fabricated by the conventional CMOS 

process. Numerically calculated results for the UGCs and 

NGCs are compared to experimentally demonstrated results, 

and used to determine the optimum parameters of the UGCs 

and NGCs. We have especially tried to identify the ultimate 

limit of the coupling efficiency of the NGCs, in both simulation 

and experiment.

II. UNIFORM GRATING COUPLERS (UGCs)

A uniform grating coupler is a simple, basic structure 

with a constant grating period and fill factor, as shown in 

Fig. 1 [2]. Its design and fabrication is relatively simple, 

due to its periodic structure and loose minimum pattern 

size. The fundamental coupling condition of a GC follows 

the Bragg condition [12],

Λ
+= λθ mnn ceff sin (1)

where neff is the effective index of the waveguide, nc is 

the refractive index of the upper cladding covering the top 

of the grating, θ  is the coupling angle with respect to the 

axis normal to the grating surface, m is the order of the 

diffraction mode, λ is the wavelength of light, and Λ is 

the grating period. The portion of the etched area in the 

grating groove region depends on the fill factor (ff), which 

means the ratio of the etched width to the grating period, 

i.e. ff = Trench width / Period. 

Numerical simulation and experimental measurement of 

the coupling efficiency of the GCs are performed for the 

configuration shown in Fig. 1. An SOI wafer with 250-nm 

thick silicon, 3-μm thick SiO2 buffer layer (BOX layer) on 

a silicon wafer, and an air top cladding is considered for 

our analysis. A small etch depth [13] and a tilted angle of 

the coupling fiber [3] are known to improve the coupling 

efficiency by reducing secondary back reflection. In this 

research the etched depth of the grooves of the GCs is 

fixed at 70 nm, and the coupling angle of the optical fiber 

with respect to the vertical axis normal to the grating 

surface is set to 11.5°. These fixed values of etched depth 

and coupling angle are used in the following numerical 

analysis and experimental demonstration. The finite-difference 

time-domain method (Lumerical’s FDTD Solutions) is used 

for numerical simulation. Mesh sizes of Δx = 20 nm and 

Δy = 10 nm are used in the numerical simulation.

The calculated coupling efficiencies of a GC with various 

grating periods Λ and fill factors ff at a wavelength of 
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1550 nm are plotted in Fig. 2. The center of the fiber core 

is positioned above the groove, 5.5 µm away from the 

beginning of the grating coupler. From the calculated results, 

the maximum coupling efficiency of the GC appears to be 

above -2.9 dB at Λ = 592 nm and ff = 0.35. These parameters 

are guidelines for further optimization of the UGCs.

The calculated structures of the GC devices have been 

fabricated on a standard SOI (SOITEC
TM

) wafer with a 

250-nm thick silicon core layer and a 3-μm thick SiO2 

BOX layer. Electron-beam (e-beam) lithography and an 

inductively coupled plasma-reactive ion etching (ICPRIE) 

process at the National Nanofab Center (www.nnfc.re.kr) 

have been used for the device fabrication. First, a 450-nm 

wide strip waveguide is connected to a 500-μm long taper, 

and then to a 15-μm wide platform, to form the GC on 

both ends. All these waveguide platforms are formed using 

e-beam lithography and a full dry etching of the upper 

silicon layer, down to the top of the lower clad BOX layer. 

Then, further photoresist coating, e-beam writing, and etching 

steps follow to pattern shallow etched trenches 70 nm deep 

on the GC platforms, and to form the Bragg gratings.

The characteristics of the fabricated GCs have been 

measured under illumination by a superluminescent diode 

(SLD) with an optical spectrum analyzer (OSA). The output 

polarization of the SLD is adjusted using a fiber-type 

polarization controller (PC). The input and output optical 

beams to and from the GCs are coupled in and out with 

single-mode fibers, which are placed on a fiber-mounting 

zig with an 11.5° tilt angle with respect to the axis normal 

to the surface of the GCs. The coupling efficiency is 

determined by measuring the maximally coupled optical 

beam power during fine alignments of the fibers with respect 

to the GCs with five-axis translation and rotation stages, 

monitored with a CCD camera. 

The dependence of the UGC’s coupling efficiency on 

the optical beam wavelength and on the grating period and 

fill factor is calculated by FDTD simulation, and measured 

by fabricating the devices experimentally. Figure 3(a) shows 

the simulated (dotted lines) and measured (solid lines) 

coupling efficiencies as functions of the wavelengths for 

grating periods from 585 nm to 605 nm in 5-nm increments, 

at a fixed value of ff = 0.5, an incident angle of 11.5°, 

and a constant etch depth of 70 nm. The measured results 

are a little lower than the simulated ones, potentially due 

to deviation of the fabricated devices from the calculated 

values of groove size and trench depth, which may be 

attributed to the fabrication tolerance and the side-wall 

roughness of grooves and waveguide. The fabrication error 

is analyzed to be about ±10 nm, which is smaller than the 

minimum pattern size of 179 nm considered in this section. 

Thus the low coupling efficiency measured for the fabricated 

UGC compared to the simulated value may be caused by 

differences in side-wall roughness and etch depth from the 

calculated design. The waveguide loss is determined from 

the transmittance measurement of waveguides of the same 

type with various lengths, and measured to be 0.28 dB/mm. 

The taper loss is measured to be -1.12 dB, by comparing 

the output of the GC with a couple of tapers to that for 

the non-tapered GC structure. 

The relationship between peak wavelength of the UGC 

and grating period is shown in Fig. 3(b), the data of which 

are extracted from Fig. 3(a). The peak wavelength is proportional 

to the period, as expected from the Bragg condition in Eq. 

(1) and observed in Ref. [14]. The shift ratio of the peak 

wavelength with grating period is determined to be dλp/dΛ 

= 2.084 nm/nm from linear fitting of the simulated and 

measured data. When the grating period is changed by an 

amount of 20 nm, the total wavelength shift is about 40 

nm which is much narrower than half of the peak wave-

length in the range of λ = 1.52 - 1.58 μm inside the silicon. 

Figure 3(c) also shows that the maximum coupling efficiency 

increases with grating period, almost linearly within a period 

range of about 20 nm from 585 nm to 605 nm. When a 

light beam in the silicon core waveguide reaches the grating 

section, the grating patterns scatter it. It is preferred to 

have the scattered beams interfere constructively toward an 

upper coupling fiber core, and destructively downward below 

the waveguide. Thus the directionality of the scattered beam 

from the grating coupler to the coupling fiber is related to 

the upward constructive interference condition. The increased 

grating period causes a high diffracted beam intensity, just as 

the largely ruled grating provides a highly diffracted spectral 

beam. This mechanism can be understood as an optical beam 

having a high directivity and low angle diffraction of the 

input beam at a large slit. As the grating pattern size increases, 

the beam scatters in a smaller angle, and thus a stronger 

constructive fringe is possible. As long as the scattered beam 

profiles from the grating patterns show enhanced constructive 

interference at the input core end of the coupling fiber, with 

increasing grating period within our given wavelength range, 

the increased coupling efficiency is possible. The shift ratio of 

the maximum coupling efficiency to the grating period is 

determined to be dαc/dΛ = 0.021 dB/nm.

Figrue 3(d) displays the simulated (dotted lines) and measured 

(solid lines) coupling efficiencies as functions of wavelength 

for various fill factors ( ff ) from 0.3 to 0.7 in increments 

of 0.1, with a fixed grating period of 595 nm. The fill factor 

is varied by changing the trench width from 179 nm to 

417 nm. As the fill factor changes, the peak coupling 

wavelength and maximum coupling efficiency vary. Figure 

3(e) and (f) are extracted from Fig. 3(d). The peak wavelength 

and maximum coupling efficiency vary with the increase of 

the grating fill factor of the UGCs [14]. Variation of the 

fill factor changes the effective index of the grating coupler 

section: As the fill factor increases, the effective index of 

the grating coupler decreases. The peak wavelength of the 

grating coupler gets shorter with decreasing effective index, 

as expected from equation (1), and thus with increasing 

fill factor, as shown in Fig. 3(e). The decreased effective 

index of the grating coupler with increasing fill factor causes 

a low index modulation of the grating structure, and thus 

results in decreased coupling efficiency, as shown in Fig. 3(f). 
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FIG. 3. (a) Simulated (dotted lines) and measured (solid lines) coupling efficiencies of the UGCs versus wavelength for various 

grating periods with a fixed ff = 0.5. (b) and (c) are plots of peak wavelength versus grating period and maximum coupling efficiency 

versus period, respectively, both extracted from the data of (a). (d) shows the coupling efficiencies for various values of ff with a fixed 

period of 595 nm. (e) and (f) are plots of peak wavelength versus grating fill factor and maximum coupling efficiency versus fill factor, 

respectively, both extracted from the data of (d).

The shift ratios of peak wavelength to grating fill factor 

are determined to be dλp/dff = -9 nm/0.1 and -5.8 nm/0.1 

respectively, from linear fits to the simulated and measured 

data, while those of the maximum coupling efficiency to 

grating fill factor are dαc/dff = -0.085 dB/0.1 and -0.185 

dB/0.1 respectively. These characteristics of the UGCs are 

summarized in Table 1.

The measured maximum coupling efficiency is -3.2 dB 

at a wavelength of 1552 nm, with a 1-dB bandwidth of 32.9 

nm when the grating period = 595 nm and ff = 0.4, compared 

to the calculated maximum value of -2.94 dB with a 1-dB 

bandwidth of 43 nm at 1553.7 nm. The simulated and measured 

optimum parameters and maximum coupling efficiencies of 

the UGCs are summarized in Table 2. Figure 4 presents 

the simulated and measured spectral profiles of the coupling 

efficiency of an UGC with the optimized parameters (Λ= 

595 nm, ff = 0.4). 

The dependence of the coupling efficiency of the UGC 
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TABLE 1. The characteristics of the UGCs

dλp/dΛ (nm/nm) dαc/ dΛ (dB/nm) dλp/dff (nm/0.1) dαc/dff (dB/0.1)

Simulation 2.084 0.021 -9 -0.085

Experiment 2.084 0.021 -5.8 -0.185

TABLE 2. The characteristics of the optimized UGCs

Λ (nm) Fill factor
Maximum coupling

efficiency (dB)

1-dB

bandwidth (nm)

Simulation 595 0.4 -2.94 43

Experiment 595 0.4 -3.2 32.9

FIG. 4. Simulated and measured spectral profiles of the 

coupling efficiency of an UGC with optimized parameters (Λ 

= 595 nm, ff = 0.4).

FIG. 5. Calculated and measured coupling efficiencies of the 

UGC at 1550 nm wavelength, as functions of the number of 

grooves.

on the number of grooves, at a wavelength of 1550 nm, is 

shown in Fig. 5. The grating period and fill factor of the 

UGC used in Fig. 5 are the same as those used in Fig. 4. 

If the number of grooves is smaller than 17, the grating 

area is narrower than the fiber core size, which leads to a 

low coupling efficiency. As the number of grooves increases, 

the coupling efficiency increases exponentially and starts 

to saturate after 20 grooves, which corresponds to a grating 

length of 11.94 μm. 

From our numerical simulation and experimental measure-

ments, the optimum grating period and fill factor of the UGCs 

are determined, and summarized in Table 2. The simulated 

and measured values of the maximum coupling efficiency 

at the optical grating parameters are -2.94 dB and -3.2 dB, 

respectively. It is also found that the number of grating 

grooves should be more than 20, which corresponds to a 

grating length of 11.94 μm, to have an efficient coupling to 

the single-mode fibers.

III. NONUNIFORM GRATING 

COUPLERS (NGCs)

It is known that the mode mismatch between the beam 

profile in the fiber core and the scattered beam profile from 

the UGCs causes an optical coupling loss of about 1 dB 

[7]. As illustrated in Fig. 6(a), the internal beam power 

P(z) in the waveguide core starts to decrease exponentially 

from the start of the grating structure, as the beam propagates 

through it. This means that the scattered beam power profile 

from the surface of the grating structure has the shape of 

an inverted exponential decay, and does not match well the 

Gaussian beam profile S(z) of the single-mode fiber. Many 

efforts have been made to reduce this unmatched coupling 

problem, by modifying the spatial profile of the scattered 

beams from the GCs. One method to overcome the loss 

caused by the mode mismatch is the use of varied etch 

depths. Li et al. [5] used a double-etched apodized waveguide 

GC structure, and Tang et al. [6] used a GC structure of 

nonuniform grooves, with different widths and depths. However, 

these GC structures require either additional etching steps to 

have dual depths, or a sophisticated etching process to have 

different etching widths and depths. Another simple method 

is the use of a NGC with varied trench widths, which can 

be fabricated in conventional etching steps without forming 

any overlayer [3-7, 10]. This type of NGC requires a careful 

design to achieve an optimum scattered beam profile from the 
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(a) (b)

FIG. 6. (a) Schematic diagram of a NGC with the internal power profile in the waveguide and a Gaussian fiber core mode profile. (b) 

SEM image of the fabricated NGC.

TABLE 3. Trench width calculated with Eq. (2) for various R values. The other parameters are fixed to the grating period = 590 nm, 

fs = 0.1, and  fe = 0.5

Order of groove
Trench width (nm)

R = 0.02 R = 0.03 R = 0.04 R = 0.05 R = 0.06

1 59 59 59 59 59

2 66 69 73 76 80

3 73 80 87 94 101

4 80 90 101 111 122

5 87 101 115 129 143

6 94 111 129 146 163

7 101 122 143 163 184

8 108 132 156 181 205

9 115 143 170 198 226

10 122 153 184 216 247

11 129 163 198 233 268

12 136 174 212 250 289

13 143 184 226 268 295

14 150 195 240 285 295

15 156 205 254 295 295

grating section, for a proper mode matching with the optical 

fiber. He et al. [7] demonstrated a NGC with a simple, 

linear fill-factor variation to reduce the mode mismatch, by 

fabricating the device with 248-nm DUV optical lithography. 

The linear variation of the fill factor offers a simple device 

structure for easy fabrication and optimization. In this chapter 

we investigate the parameter dependence of NGCs with linearly 

varied fill factor, and present calculated and measured coupling 

efficiencies of the NGCs with optimum parameters.

The formula for linear variation of the fill factor ff is 

considered as [7]

ff = fs + R × x (2)

where fs is the starting fill factor of the first trench, which 

defines the first trench width, i.e. 1
st
 trench width = period 

× fs, and the size of which is limited mostly by the litho-

graphy and etching processes. R is the rate of fill factor 

increment per unit length. The fill factor increases linearly 

with the increasing distance x from the starting point of 

the GC, as shown in equation (2), until it reaches the final 

fill factor fe, after which the fill factor becomes uniform. 

In our analysis we choose the grating’s parameters to be a 

grating period Λ of 590 nm, fs of 0.1 (corresponding to a 

first trench width of 59 nm (=Λ/10)), a fiber tilt angle θ 

of 11.5°, and fe of 0.5. The simulation conditions are the 

same as used in Section II, but a finer mesh is applied for 

more accurate calculation results. For a few trenches at the 

starting point below the 100-nm long grating structure, a 

fine mesh size of Δx = 10 nm and Δy = 10 nm is used. 

The coupling fiber is set at a position 8 μm away from 

the beginning of the GC. The trench widths calculated by 

equation (2) for various R values are summarized in Table 3. 

We have calculated and measured the coupling efficiencies 
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FIG. 7. Calculated coupling efficiency of the NGC as a 

function of R and  fe.

FIG. 8. The scattered beam profiles from the UGC and NGC 

compared to the Gaussian beam profile.

of the NGCs for various R values and for a fe value to 

achieve the maximum coupling efficiency around the 

wavelength of 1550 nm. Fig. 7 shows a contour map of 

the calculated coupling efficiency as functions of R and fe. 

The fe value indicates the last value of the trench width 

change. As the fe value increases, the latter portions of the 

GC change into large pattern sizes. As illustrated in Fig. 

7, the front portion of the GC significantly affects the 

coupling efficiency. Thus, the coupling efficiency changes 

a lot at low fe, but saturates to a constant value as fe 

increases above 0.4. The R value determines how fast the 

trench width changes, and affects the scattered beam 

profile from the GC. The maximum coupling efficiency 

is -2.305 dB at R = 0.058 and fe = 0.42. The coupling 

efficiency in the range of 0.04 < R < 0.07 and 0.4 < fe 

< 0.6 is better than -2.5 dB. As shown in Fig. 8, the 

scattered electric field profile from the optimized NGC is 

closer to the Gaussian-mode beam profile at the fiber 

core than that of the UGC. 

Calculated and measured coupling efficiencies for various 

R and fe values are shown in Fig. 9. Figure 9(a) shows the 

spectral profiles of the coupling efficiencies of the NGC 

for various fe values at R = 0.06, and Fig. 9(b) illustrates 

the calculated and measured maximum coupling efficiencies 

as functions of the fe. As discussed in the UGCs of the 

previous Section, the effective index of the grating coupler 

decreases with the increasing fill factor, and thus the peak 

wavelength of the grating coupler gets shortened. As 

expected in the simulation, the maximum coupling efficiency of 

the grating coupler changes significantly when fe increases 

within the range of low fe values, but shows little variation 

when fe increases above 0.4. It is confirmed that the latter 

patterns of the grating coupler do not affect the coupling 

efficiency significantly, when fe is above 0.4. The measured 

values are lower than the calculated ones, probably due to the 

fabrication tolerance, as for the UGC case discussed in 

Section II. The measured peak of the maximum coupling 

efficiency appears at fe = 0.5. Figures 9(c) and (d) present 

the coupling efficiencies of the NGCs when R increases 

from 0.03 to 0.06 for a fixed fe = 0.5. Since the trench 

width increases rapidly with increasing R, the effective 

index of the GC decreases, and thus the peak wavelength 

also decreases, as shown in Fig. 9(c). In Fig. 9(d), the 

simulation data show the tendency of the maximum coupling 

efficiency to a steady decline with R values above 0.04, 

but the measurements present a countertrend. The reason 

for this mismatch may be attributed to the fabrication 

tolerance. As shown in Table 3, the trench-width difference 

between two adjacent trenches is only of the order of 10 

nm, which is almost the same as the fabrication error. This 

is an important problem for NGCs, and is why conventional 

grating couplers are fabricated in the UGC structure when 

elaborate fabrication technology is not available. A future 

challenge for device fabrication technology is to have better 

fabrication resolution and reduce fabrication error. 

To identify the ultimate limit of coupling efficiency for 

the NGCs, we calculate the maximum coupling efficiency 

of the NGC structure and the scattered field profiles from 

its grating structure for various fs values. Figure 10(a) shows 

the calculated maximum coupling efficiency for various fs 

values with fixed parameters of period = 590 nm and fe = 

0.5. The optimum value of the parameter R is R = 0.05 at 

fs = 0.01 and 0.05, R = 0.1 at fs = 0.15, and R = 0.03 at 

fs = 0.2. The corresponding width of the first trench for 

each fs value is 6, 30, 59, 89, and 118 nm. In this 

simulation, a fine mesh of Δx = 2 nm and Δy = 10 nm is 

used, for accurate calculation results. The maximum coupling 

efficiency is -2.2 dB when fs = 0.05, and this value is 

0.02 dB larger than those when fs = 0.01 or fs = 0.1. The 

coupling efficiency decreases as fs increases above 0.05. 

Figure 10(b) shows that the overlap of the scattered beam 

profile from the grating structure with the Gaussian mode 

profile of the coupling fiber is maximum at fs = 0.05, 

while the mismatch between the scattered beam profile and 

the Gaussian mode profile increases as fs increases. A 

larger fs value means a wider first trench, and the wider 

trench induces a relatively narrower beam scattering angle. 

Our numerical simulation shows that the maximum overlap 

of the scattered beam profile with the Gaussian mode profile 

of the fiber occurs when fs = 0.05 (i.e. a corresponding 
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(a) (b)

(c) (d)

FIG. 9. (a) and (c) Simulated (dashed lines) and measured (solid lines) spectral profiles of the coupling efficiencies of the NGCs for 

various R and fe values. (b) Maximum coupling efficiency versus  fe for a fixed R of 0.06. (d) Maximum coupling efficiency versus 

R for a fixed  fe of 0.5.

(a) (b)

FIG. 10. (a) Maximum coupling efficiency versus fs. (b) The scattered beam profiles for various fs, compared to a Gaussian beam profile.

first trench width of 30 nm). This trench width cannot be 

fabricated with the device processing facility available to 

us, due to limited fabrication tolerance. We have demonstrated 

experimentally a maximum coupling efficiency of -2.7 dB 

with fs = 0.1 (i.e. a corresponding first trench width of 59 nm), 

near the limitations of the fabrication processes. 

The measured maximum coupling efficiency of the fabri-

cated NGC is -2.7 dB with R = 0.06 and fe = 0.5. Its 1-dB 

bandwidth is 29.9 nm, and the center wavelength is 1548.9 

nm. The simulated maximum value is -2.3 dB with a 1-dB 

bandwidth of 37 nm at 1550 nm. The calculated and 

measured coupling efficiencies of the optimized UGC and 

NGC (fs = 0.1, R = 0.06, and fe = 0.5) are shown in Fig. 11. 

The peak coupling efficiency of the NGC is about 0.5 dB 
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FIG. 11. Simulated and measured coupling efficiency profiles 

of the optimized UGC and NGC.

higher than that of the UGC. No significant difference of the 

measured 1-dB bandwidth is observed between the UGC 

and NGC.

IV. CONCLUSION

We have investigated the optimum conditions of UGCs 

and NGCs for efficient coupling to single-mode fibers, in 

both numerical simulation and experiment. Our simulation 

indicates that NGCs provide better coupling efficiencies 

compared to UGCs, and that the peak coupling efficiency 

of the NGCs is possible with a starting fill factor of the 

first trench fs = 0.05 (i.e. a corresponding trench width of 

30 nm). Within the tolerance of the device fabrication process, 

our measured maximum coupling efficiencies of the fabricated 

UGC and NGC are -3.2 dB and -2.7 dB respectively, both 

around the wavelength of 1550 nm, while the calculated 

values are -2.94 and -2.3 dB respectively. The measured 

1-dB bandwidths are 32.9 nm for the UGC and 29.9 nm 

for the NGC, while the calculated values are 43 nm and 

37 nm respectively. From our analysis we have found that 

further improvement of the coupling efficiency of the NGCs 

is possible with state-of-the-art fabrication technology of 

the nano-silicon waveguides, because accurate control of 

miniature pattern sizes on the order of 10 nm is needed. 

ACKNOWLEDGMENT

This work was supported in part by the Future Semi-

conductor Device Technology Development Program (Project 

number 10044735) funded By MOTIE (Ministry of Trade, 

Industry & Energy) and KSRC (Korea Semiconductor Research 

Consortium), and in part by the Basic Science Research 

Programs through the National Research Foundation of 

Korea (NRF) funded by the Korean Ministry of Science, ICT 

& Future Planning under the Grant number 2013R1A1A 

2012409.

REFERENCES

1. A. Mekis, S. Gloeckner, G. Masini, A. Narasimha, S. 

Sahni, and P. D. Dobbelaere, “A grating-coupler-enabled CMOS 

photonics platform,” IEEE J. Select. Topics Quantum Electron. 

7, 597-608 (2011).

2. J. S. Orcutt, A. Khilo, C. W. Holzwarth, M. A. Popović, 

H. Li, J. Sun, T. Bonifield, R. Hollingsworth, F. X. Kärtner, 

H. I. Smith, V. Stojanović, and R. J. Ram, “Nanophotonic 

integration in state-of-the-art CMOS foundries,” Opt. Express 

19, 2335-2346 (2011).

3. D. Taillaert, F. V. Laere, M. Ayre, W. Bogaerts, D. Van 

Thourhout, P. Bienstman, and R. Baets, “Grating couplers 

for coupling between optical fibers and nanophotonic wave-

guides,” Jpn. J. Appl. Phys. 45, 6071-6077 (2006).

4. D. Taillaert, P. Bienstman, and R. Baets, “Compact efficient 

broad band grating coupler for silicon-on-insulator waveguides,” 

Opt. Lett. 29, 2749-2751 (2004).

5. C. Li, H. Zhang, M. Yu, and G. Q. Lo, “CMOS-compatible 

high efficiency double-etched apodized waveguide grating 

coupler,” Opt. Express 21, 7868-7874 (2013).

6. Y. Tang, Z. Wang, L. Wosinski, U. Westergren, and S. 

He, “Highly efficient nonuniform grating coupler for silicon-

on-insulator nanophotonic circuits,” Opt. Lett. 35, 1290-1292 

(2010).

7. L. He, Y. Liu, C. Galland, A. E. Lim, G. Lo, T. Baehr- 

Jones, and M. Hochberg, “A high-efficiency nonuniform 

grating coupler realized with 248-nm optical lithography,” 

IEEE Photon. Technol. Lett. 25, 1358-1361 (2013).

8. W. S. Zaoui, A. Kunze, W. Vogel, M. Berroth, J. Butschke, 

F. Letzkus, and J. Burghartz, “Bridging the gap between 

optical fibers and silicon photonic integrated circuits,” Opt. 

Express 22, 1277-1286 (2014).

9. X. Chen, C. Li, C. K. Y. Fung, S. M. G. Lo, and H. K. 

Tsang, “Apodized waveguide grating couplers for efficient 

coupling to optical fibers,” IEEE Photon. Technol. Lett. 22, 

1156-1158 (2010).

10. A. Bozzola, L. Carroll, D. Gerace, I. Cristiani, and L. C. 

Andreani, “Optimising apodized grating couplers in a pure 

SOI platform to -0.5 dB coupling efficiency,” Opt. Express 

23, 16289-16304 (2015).

11. A. Karimi, F. Emami, and N. Nozhat, “The effects of various 

apodization functions on the filtering characteristics of the 

grating-assisted SOI strip waveguides,” J. Opt. Soc. Korea 

18, 101-109 (2014).

12. R. Waldhausl, B. Schnabel, P. Dannberg, E. B. Kley, A. 

Brauer, and W. Karthe, “Efficient coupling into polymer 

waveguides by gratings,” Appl. Opt. 36, 9383-9390 (1997).

13. D. Taillaert, W. Bogaerts, P. Bienstman, T. F. Krauss, P. 

V. Daele, I. Moerman, S. Verstuyft, K. D. Mesel, and R. 

Baets, “An out-of-plane grating coupler for efficienct butt- 

coupling between compact planar waveguides and single-mode 

fibers,” IEEE J. Quantum Electron. 38, 949-955 (2002).

14. D. Vermeulen, S. Selvaraja, P. Verheyen, G. Lepage, W. 

Bogaerts, P. Absil, D. Van Thourhout, and G. Roelkens, 

“High-efficiency fiber-to-chip grating couplers realized using 

an advanced CMOS-compatible silicon-on-insulator platform,” 

Opt. Express 18, 18278-18283 (2010).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


