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Abstract: To improve the power of reference wavefront generated by reference wavefront source
(RWS) based on silicon nitride (SiN) waveguide in point diffraction interferometer (PDI), we design
the Y-branch coupler and grating coupler, and then compare the maximum coupling efficiency, 3 dB
fabrication tolerance, 3 dB alignment tolerance and polarization dependent loss of two couplers.
Our results show that grating coupler has higher coupling efficiency, lower etching difficulty and
alignment difficulty, while Y-branch coupler has lower coating difficulty. To get the maximum
efficiency, mode in the fiber must be TE mode no matter for grating coupler or Y-branch coupler.
This paper improves the power of the wavefront by selecting appropriate fiber-to-waveguide couplers
for waveguide RWS. PDI based on the power improved waveguide RWS is expected to be used in
many measurement fields.
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1. Introduction

Reference wavefront used in traditional interferometers [1] such as Twyman–Green interferometer
and Fizeau interferometer is generated by reflection of a standard reference mirror, so accuracy of the
reference wavefront is limited by fabrication accuracy of the standard reference mirror which is usually
not better than λ/40 (λ = 532 nm). Different from above interferometers, reference wavefront used in
the point diffraction interferometer (PDI) [2–7] is generated by a diffraction element called reference
wavefront source (RWS). RWS generates a nearly ideal spherical reference wavefront by diffraction at
a small aperture of micrometer diameter, so accuracy of the reference wavefront is not limited by a
standard reference mirror and can reach sub-nanometer scale. To improve the accuracy, numerical
aperture (NA), and power of the reference wavefront, and further expand the application of PDIs,
researchers have proposed and made various RWSs.

Pinhole RWS and fiber RWS are two commonly used RWSs. Pinhole RWS [8–11] is made by
etching a submicron pinhole on the metal film. Such a small pinhole can generate a high accuracy
spherical reference wavefront and its NA is up to 0.3, but low light transmittance of this small pinhole
(<0.1%) seriously reduces the power of the reference wavefront [12]. Pinhole RWS can also be fabricated
by other materials like liquid crystal [13] or metal wire grid [14], but these pinhole RWSs also have the
above problems.

Fiber RWS [12,15–17] generates the reference wavefront by diffraction at the end face of the
single-mode fiber (SMF). Due to high light transmittance of the SMF, power of the generated reference
wavefront is high [12]. But due to limitation of the SMF core diameter (3–5 µm) [17], NA of this
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reference wavefront is usually less than 0.2, which greatly limits the NA of the optical element to be
tested. Using a special SMF with a submicron end face is an effective way to improve the NA of the
reference wavefront, but this kind of SMF is difficult to fabricate and clamp.

To make the reference wavefront have high accuracy, NA, and power simultaneously, our group
has designed a new RWS based on the silicon nitride (SiN) waveguide. Due to high refractive
index difference between the SiN core (n = 1.96,λ = 532 nm) and silicon dioxide (SiO2) cladding
(n = 1.48,λ = 532 nm), light in the waveguide is firmly confined in the core whose cross-section side
length is 0.25 µm, and propagates along the core to the output facet. Then, light is diffracted at the
output facet, and spherical reference wavefront is generated. NA of this reference wavefront is more
than 0.5, and root-mean-square (RMS) value is less than 0.03 nm. Power of this reference wavefront is
mainly determined by coupling efficiency between the SMF and waveguide RWS. To get the maximum
coupling efficiency, two fiber-to-waveguide couplers called Y-branch coupler [18–20] and grating
coupler [21–23] are designed by numerical simulation. Then, coupling efficiency, 3 dB alignment
tolerance, 3 dB fabrication tolerance, and polarization-dependent loss of two couplers are compared.

Rest of this paper is organized as follows. In Section 2, structure of the waveguide RWS and its
operation are first introduced. Then, accuracy, NA and power of the reference wavefront are analyzed.
In Sections 3 and 4, Y-branch coupler and grating coupler are introduced in detail, including structure of
the coupler, key parameters affecting the coupling efficiency, fabrication difficulty, alignment difficulty,
and polarization-dependent loss. Y-branch coupler and grating coupler are compared in Section 5.
In Section 6, a summary of this paper is made.

In this paper, numerical simulation is performed based on the finite difference time domain
(FDTD) method. In the simulation, wavelength is 532 nm, refractive index of SiN is 1.96, refractive
index of SiO2 is 1.48, diameter of the SMF core is 3 µm, refractive index of the SMF core is 1.4620,
and refractive index of the SMF cladding is 1.4571. TE mode refers to the mode whose main component
is along the x direction in the x− y plane when electric field propagates along the z direction, and TM
mode refers to the mode whose main component is along the y direction. For convenience, these will
not be repeated in the rest of the paper.

2. Reference Wavefront Source Based on SiN Waveguide

In this section, structure of the waveguide reference wavefront source (RWS) and its principle to
generate the reference wavefront are introduced firstly. Then, important parameters of the waveguide
RWS that influence the accuracy, numerical aperture (NA), and power of the reference wavefront
are mentioned.

As shown in Figure 1, structure of the waveguide RWS is similar to the buried waveguide: silicon
nitride (SiN) core with a thickness of 250 nm in the y direction is buried between the silicon dioxide
(SiO2) bottom cladding of 2.52 µm thickness and SiO2 top cladding of 2 µm thickness. SiO2 bottom
cladding is located on the silicon (Si) substrate of 3 mm thickness. This waveguide RWS can be divided
into four parts and each part has its function. Part A1 (Y-branch Coupler) or Part A2 (grating coupler)
is used to improve the coupling efficiency between the single-mode fiber (SMF) and waveguide,
and further increase the power of the reference wavefront. Therefore, fiber-to-waveguide coupler is the
most important part in the design of the waveguide RWS. Part B and Part C are the straight waveguide.
Part C is a bent waveguide with the sector angle of 90◦. This bent waveguide makes the reference
wavefront perpendicular to the incident light, which avoids the interference between them.

Waveguide RWS generates the spherical reference wavefront by diffraction at the output facet of
the SiN core. This process is as follows: 532 nm incident light provided by the laser propagates to
the fiber-to-waveguide coupler along the SMF. This incident light can be coupled into the waveguide
either by the Y-branch coupler (Part A1) or the grating coupler (Part A2) and then propagates along
the core. Due to high refractive index difference between the SiN core and SiO2 cladding, light in the
waveguide is strongly confined in the sub-micron core during the propagation. Finally, light arrives at
the output facet and spherical reference wavefront is generated by diffraction.
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peak-to-valley (PV) value and root-mean-square (RMS) value are 41.07 10 λ−×  and 51.72 10 λ−×  (
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3. Y-Branch Coupler 

Using the Y-branch coupler is an effective way to improve the coupling efficiency between the 
single-mode fiber (SMF) and waveguide. In this section, firstly, structure of the Y-branch coupler is 
introduced and its key parameters are optimized to get the maximum coupling efficiency. Secondly, 

Figure 1. Structure of the waveguide reference wavefront source (RWS). Part A1 or A2 is a fiber-to-
waveguide coupler. Part B and D are straight waveguides. Part C is a bent waveguide.

Accuracy and numerical aperture (NA) of the reference wavefront are determined by the size of
the core cross-section (y− z cross-section of the core in Figure 1). SiN core of the waveguide RWS has
a square cross-section of 0.25 µm in length, which satisfies the single-mode propagation condition.
Accuracy and NA of the reference wavefront generated by this waveguide RWS are calculated by
numerical simulation and results are shown in Figure 2. When NA of the reference wavefront is
0.3, peak-to-valley (PV) value and root-mean-square (RMS) value are 1.07× 10−4λ and 1.72× 10−5λ
(λ = 532 nm), respectively. When NA increases to 0.5, PV value and RMS value are 2.86× 10−4λ and
4.83× 10−5λ, respectively. Even if NA of the reference wavefront reaches 0.5, RMS value is still less
than 0.03 nm. Such a high accuracy reference wavefront cannot be generated by a pinhole RWS or
fiber RWS.
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Figure 2. Accuracy of the reference wavefront generated by waveguide RWS when numerical aperture
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Power of the reference wavefront is determined by the coupling efficiency between the SMF
and waveguide. Therefore, an optimal fiber-to-waveguide coupler must be designed to improve the
coupling efficiency. To provide a reliable reference for the selection of a fiber-to-waveguide coupler,
Y-branch coupler and grating coupler are compared in detail, including their max coupling efficiency,
3 dB fabrication tolerance, 3 dB alignment tolerance and polarization-dependent loss.

3. Y-Branch Coupler

Using the Y-branch coupler is an effective way to improve the coupling efficiency between the
single-mode fiber (SMF) and waveguide. In this section, firstly, structure of the Y-branch coupler is
introduced and its key parameters are optimized to get the maximum coupling efficiency. Secondly,
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to quantitatively evaluate the fabrication difficulty and alignment difficulty of the coupler, 3 dB fabrication
tolerance, 3 dB alignment tolerance, and polarization-dependent loss are analyzed, respectively.

3.1. Structure of the Y-Branch Coupler

Figure 3 shows the structure of the Y-branch coupler, including the input part and branch part.
There are two identical and parallel straight structures in the input part. Width of each straight
structure is W and gap between two straight structures is G. In the branch part, two straight structures
merge into one and length of this part is Lb. Height of the Y-branch coupler along the y direction is
250 nm, which is consistent with the height of the silicon nitride (SiN) core.
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To get the maximum coupling efficiency, the SMF should be aligned to the Y-branch coupler center
and the two should be as close as possible. Coupling efficiency of the Y-branch coupler ηy can be
calculated as follow:

ηy = ηy1 · ηy2 (1)

where ηy1 denotes the matching degree between the mode in the SMF and mode in the input part, ηy2

denotes the transmission efficiency of the branch part.

3.2. Parameter Optimization

Matching degree between the mode in the SMF and mode in the input part (ηy1) can be calculated
using the follow overlap integral:

ηy1 =

∣∣∣s Ef(x, y)E∗w(x, y)dxdy
∣∣∣2

s ∣∣∣Ef(x, y)
∣∣∣2dxdy

s ∣∣∣Ew(x, y)
∣∣∣2dxdy

(2)

where Ef(x, y) denotes the mode in the SMF, Ew(x, y) denotes the mode in the input part, ∗ denotes the
complex conjugate.

Influence of the width W and gap G on the mode matching degree ηy1 is shown in Figure 4a,b.
Firstly, compared with TM mode, mode matching degree ηy1 is greater when TE mode is in the SMF,
indicating that mode matching degree ηy1 is polarization sensitive. Therefore, mode in the SMF must
always be TE mode to ensure the maximum mode matching degree. Secondly, mode matching degree
ηy1 increases with the decrease of the width W, because area of the mode in the input part is inversely
proportional to the width W. Thirdly, mode matching degree ηy1 first increases and then decreases,
when gap G increases from small to large. Because area of the mode in the input part also increases
first and then decreases, during the growth of the gap G. According to above results, width W should
be as small as possible to improve the mode matching degree ηy1. However, limited by the current
waveguide fabrication technology, minimum width W is only 0.10 µm. Therefore, maximum mode
matching degree ηy1 can reach 0.24, when TE mode is in the SMF and width W and gap G are 0.10 µm
and 0.86 µm, respectively.
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Transmission efficiency of the branch part (ηy2) is closely related to length of the branch part (Lb),
and it can be calculated as follows:

ηy2 =
Po

Pi
(3)

where Pi denotes the power on the right of the branch part as shown in Figure 3b, Po denotes the power
on the left of the branch part. Figure 4c shows the relationship between the transmission efficiency ηy2

and length Lb. When length Lb is small, transmission efficiency ηy2 increases sharply as the length Lb

increases. With the further increase of the length Lb, increase tendency of the transmission efficiency
slows down. After length Lb is greater than 10 µm, transmission efficiency ηy2 is nearly equal to 1,
no matter for TE mode or TM mode in the SMF.

In summary, when TE mode is in the SMF, and width W, gap G, and length Lb are 0.10 µm,
0.86 µm, and 10 µm respectively, maximum mode matching degree ηy1 can reach 0.24, and transmission
efficiency ηy2 is approximately equal to 1. Therefore, the maximum coupling efficiency of the Y-branch
coupler (ηy) is 0.24.

3.3. 3 dB Fabrication Tolerance of the Y-Branch Coupler

Fabrication errors make the fabricated coupler different from the designed one, leading to reduction
of the coupling efficiency, especially for the parameters of the submicrometer scale. 3 dB fabrication
tolerance refers to variation range of the parameter when coupling efficiency drops to half of the
maximum. In this section, 3 dB fabrication tolerance of the width W, and gap G are analyzed.

Firstly, 3 dB fabrication tolerance of the gap G is analyzed and width W is 0.10 µm during the
analysis. As shown in Figure 5a, mode matching degree ηy1 reaches its maximum value of 0.24 when
gap G is 0.86 µm. Once gap G decreases to 0.16 µm or increases to 2.26 µm, mode matching degree ηy1

drops to half of the maximum. Therefore, 3 dB fabrication tolerance of the gap G is −0.70 µm–+1.40 µm.
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Secondly, 3 dB fabrication tolerance of the width W is analyzed and gap G is 0.86µm. The relationship
between the mode matching degree ηy1 and width W is shown in Figure 5b. When width W is smaller
than 0.10 µm, mode matching degree ηy1 is higher than 0.24. When width W increases from 0.10 µm to
0.15 µm, mode matching degree ηy1 drops from 0.24 to 0.12. Therefore, 3 dB fabrication tolerance of
the width W is −0.10 µm–+0.05 µm.

3.4. 3 dB Alignment Tolerance of the Y-Branch Coupler

Figure 6a shows the alignment of the SMF and Y-branch coupler. To achieve maximum coupling
efficiency, it is necessary to carefully adjust the SMF along the x, y, and z directions, so that SMF center
and coupler center can be on the same line and overlapped. In this section, 3 dB alignment tolerance of
the Y-branch coupler is analyzed to quantitatively evaluate the difficulty of the alignment.
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Figure 6. (a) Alignment of the single mode fiber (SMF) and waveguide RWS; (b) Influence of the deviation
between the SMF center and waveguide center in the x− y plane on the coupling efficiency ηy.

Adjustments in the z direction are completed if there is no gap between the SMF and Y-branch
coupler. These adjustments are relatively simple, so alignment tolerance in the z direction is not
analyzed in this paper. Influence of the deviation between the SMF center and coupler center in
the x − y plane on the coupling efficiency ηy is shown in Figure 6b. In this figure, dx denotes the
deviation between the SMF center and coupler center in the x direction, dy denotes the deviation in the
y direction, color bar denotes the normalized coupling efficiency. It is clear to know that the greater
the deviation between the SMF center and coupler center is, the lower the coupling efficiency will be.
When deviation is outside the red circle, coupling efficiency drops to half of the maximum. Therefore,
3 dB alignment tolerance of the Y-branch coupler is

√
dx2 + dy2 ≤ 1.10 µm.

3.5. Polarization Dependent Loss of the Y-Branch Coupler

Polarization of mode keeps unchanged if SMF is completely axisymmetric. However, if SMF
bends, polarization of mode changes immediately and then coupling efficiency of fiber-to-waveguide
coupler changes too [24]. Polarization-dependent loss refers to the decrease in coupling efficiency
when mode in the SMF changes from TE mode to TM mode, and it is used to quantitatively evaluate
the influence of mode polarization on the coupling efficiency. Polarization-dependent loss ηp can be
calculated as follow:

ηp =
∣∣∣ηy(TE) − ηy(TM)

∣∣∣ (4)

where ηy(TE) denotes the coupling efficiency between the SMF and Y-branch coupler when TE mode is
in the SMF, ηy(TM) denotes the coupling efficiency when TM mode is in the SMF. Coupling efficiency
ηy(TE) and ηy(TM) are 0.24 and 0.13 respectively when width W is 0.10 µm, gap G is 0.86 µm,
and length Lb is 10 µm. Therefore, polarization-dependent loss of the Y-branch coupler (ηp) is 0.11.
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4. Grating Coupler

Using the grating coupler is also an effective way to improve the coupling efficiency between the
single-mode fiber (SMF) and waveguide reference wavefront source (RWS). Different from Y-branch
coupler, grating coupler can be placed at any position of the waveguide RWS and edge of the waveguide
RWS does not need to be polished. In this section, firstly, structure of the grating coupler is introduced
and key parameters that determine the coupling efficiency are optimized. Secondly, 3 dB fabrication
tolerance, 3 dB alignment tolerance, and polarization-dependent loss are analyzed, respectively.

4.1. Structure of the Grating Coupler

Figure 7 shows the structure of the grating coupler which is composed of the grating part and
taper part. In the grating part, width of the non-etched area is p, width of the etched area is q, grating
period Λ = p + q, duty cycle d = p/Λ, and width of the grating part is b. In the taper part, Lt denotes
its length. Height of the grating coupler along the y direction is 250 nm, which is consistent with the
height of the silicon nitride (SiN) core.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 15 

 
Figure 7. Structure of the grating coupler. (a) Three-dimensional view; (b) Top view. 

Coupling efficiency of the grating coupler ( gη ) can be calculated as follow: 

 g g1 g2η η η= ⋅  (5) 

where g1η  denotes the coupling efficiency between the SMF and grating part, g2η  denotes the 
transmission efficiency of the taper part. To improve the coupling efficiency of the grating coupler, 
parameters in the grating part and taper part must be optimized. 

4.2. Parameter Optimization 

Parameter optimization of the grating coupler can be divided into two steps. In the first step, 
parameters in the grating part are optimized. Bragg diffraction equation [25] is firstly used to 
calculate the initial value of each parameter. Then, each parameter is continuously adjusted from its 

initial value by using the particle swarm optimization method [26], so that coupling efficiency g1η  

tends to the maximum. In the second step, width b  and length tL  are optimized to improve the 

transmission efficiency g2η . 
Simulation mode of the grating part is shown in Figure 8a. Since width of the grating part along 

the x  direction does not affect the coupling efficiency, two-dimensional finite difference time 
domain (FDTD) simulation is used which also can greatly save the simulation time and computer 
memory. In Figure 8a, incident angle θ  denotes the angle between the SMF and normal line, z  
denotes the horizontal distance from the left of the grating to the SMF center, y  denotes the vertical 
distance from the top of the grating to the SMF center, arrows denote propagation directions of the 
lights, PML denotes the perfectly matched layer boundary condition. 

Bragg diffraction equation is given by: 

 e 1 sinn m nλ θ+ =
Λ

 (6) 

where en  denotes the refractive index of the grating, λ  denotes the wavelength of the light, Λ  

denotes the grating period, m  denotes the diffraction order, 1n  denotes the refractive index of the 
air, θ  denotes the incident angle of the SMF. Initial value of the incident angle θ  is chosen to be 
20°  to avoid the second-order reflection at the grating. Since initial values of the duty cycle d  

and wavelength λ  are 0.5 and 0.532 µm, respectively, refractive index of the grating en  can be 

calculated, and its value is 1.60. According to Equation (6), initial value of the grating period Λ  is 
0.423 µm when diffraction order is −1. Initial value of each parameter is shown in Table 1. 

Figure 7. Structure of the grating coupler. (a) Three-dimensional view; (b) Top view.

Coupling efficiency of the grating coupler (ηg) can be calculated as follow:

ηg = ηg1 · ηg2 (5)

where ηg1 denotes the coupling efficiency between the SMF and grating part, ηg2 denotes the
transmission efficiency of the taper part. To improve the coupling efficiency of the grating coupler,
parameters in the grating part and taper part must be optimized.

4.2. Parameter Optimization

Parameter optimization of the grating coupler can be divided into two steps. In the first step,
parameters in the grating part are optimized. Bragg diffraction equation [25] is firstly used to calculate
the initial value of each parameter. Then, each parameter is continuously adjusted from its initial
value by using the particle swarm optimization method [26], so that coupling efficiency ηg1 tends to
the maximum. In the second step, width b and length Lt are optimized to improve the transmission
efficiency ηg2.

Simulation mode of the grating part is shown in Figure 8a. Since width of the grating part along
the x direction does not affect the coupling efficiency, two-dimensional finite difference time domain
(FDTD) simulation is used which also can greatly save the simulation time and computer memory.
In Figure 8a, incident angle θ denotes the angle between the SMF and normal line, z denotes the
horizontal distance from the left of the grating to the SMF center, y denotes the vertical distance
from the top of the grating to the SMF center, arrows denote propagation directions of the lights,
PML denotes the perfectly matched layer boundary condition.
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Bragg diffraction equation is given by:

ne + m
λ
Λ

= n1 sinθ (6)

where ne denotes the refractive index of the grating, λ denotes the wavelength of the light, Λ denotes
the grating period, m denotes the diffraction order, n1 denotes the refractive index of the air, θ denotes
the incident angle of the SMF. Initial value of the incident angle θ is chosen to be 20◦ to avoid the
second-order reflection at the grating. Since initial values of the duty cycle d and wavelength λ are 0.5
and 0.532 µm, respectively, refractive index of the grating ne can be calculated, and its value is 1.60.
According to Equation (6), initial value of the grating period Λ is 0.423 µm when diffraction order is
−1. Initial value of each parameter is shown in Table 1.

Table 1. Parameters of the grating part.

Parameters Λ

(µm) d p
(µm)

q
(µm)

θ
(◦)

z
(µm)

y
(µm)

Original 0.423 0.500 0.211 0.212 20 0 0
Final 0.420 0.476 0.200 0.220 20 3.4 3.2

To get the maximum coupling efficiency, four parameters including the grating period Λ, duty cycle
d, z, and y are optimized together using the particle swarm optimization method [26]. After 300 iterations,
coupling efficiency ηg1 reaches its maximum of 0.35. The final value of each parameter can also be seen
in Table 1. It is worth mentioning that coupling efficiency ηg1 is polarization sensitive and it gets the
maximum when TE mode is in the SMF. Therefore, numerical simulations in the rest of this section use
the TE mode.

Transmission efficiency ηg2 which is determined by the width b and length Lt can be calculated
as follow:

ηg2 =
Po
′

Pi
′

(7)

where Pi
′ denotes the power on the right of the taper part as shown in Figure 7b, Po

′ denotes the power
on the left. Figure 8b shows the transmission efficiency ηg2 with different width b and length Lt. Firstly,
with the increase of the length Lt, transmission efficiency ηg2 continues to improve and tends to be 1.
Secondly, when width b increases, length Lt should increase at the same time to keep the transmission
efficiency ηg2 constant. Considering the fact that diameter of the mode in the SMF is 3 µm, grating part
whose width b is 6 µm, is big enough to accept the whole light spot from the SMF because diameter of
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the mode in the SMF is 3 µm. Once width b is chosen to be 6 µm, transmission efficiency of the taper
part is nearly close to 1 when length Lt is 300 µm.

In summary, when parameters of the grating part are final values in Table 1, and width b and length
Lt are 6 µm and 300 µm respectively, coupling efficiency ηg1 reaches its maximum 0.35, and transmission
efficiency ηg2 is approximately equal to 1. Therefore, maximum coupling efficiency of the grating
coupler (ηg) is 0.35.

4.3. 3 dB Fabrication Tolerance of the Grating Coupler

To quantitatively evaluate the difficulty of fabricating the grating coupler and to compare it with
the difficulty of fabricating the Y-branch coupler, 3 dB fabrication tolerance of the grating period Λ,
duty cycle d and thickness of the bottom cladding h are analyzed.

Effect of the grating period Λ on the coupling efficiency ηg1 is shown in Figure 9a. Grating
period Λ and incident angle θ must satisfy the Bragg diffraction equation (Equation (6)) to get the
maximum coupling efficiency ηg1. However, the incident angle θ remains unchanged in the experiment.
This leads to a decrease of the coupling efficiency ηg1 regardless of the decrease or increase of the
grating period Λ. When grating period Λ decreases to 0.40 µm or increases to 0.44 µm, coupling
efficiency ηg1 drops to half of the maximum. Therefore, 3 dB fabrication tolerance of the grating period
Λ is −0.02 µm–+0.02 µm.
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Figure 9b shows the effect of duty cycle d on the coupling efficiency ηg1 when grating period Λ is
0.420 µm. Coupling efficiency ηg1 increases first and then decreases with the increase of the duty cycle
d. Because too large or too small duty cycle d enhances the transmission characteristics of the grating
and finally leads to the reduction of the coupling efficiency. When duty cycle d decreases to 0.36 or
increases to 0.60, coupling efficiency ηg1 drops to half of the maximum. Therefore, 3 dB fabrication
tolerance of the duty cycle d is −0.12 µm–+0.12 µm. In other words, 3 dB fabrication tolerance of the
width p or q is −0.05 µm–+0.05 µm.

Thickness of the bottom cladding h also affects the coupling efficiency ηg1. Arrows in Figure 8a
clearly show the propagation of the incident light after it enters the grating coupler from the SMF.
The light reflected by the substrate (Dreflect) interferes with the light propagating to the waveguide
(Dleft), leading to the result that coupling efficiency ηg1 changes periodically with the increase of the
thickness h. Figure 9c shows this phenomenon clearly. Coupling efficiency ηg1 reaches its maximum of
0.35 when thickness h is 2.52 µm. Coupling efficiency ηg1 drops to half of the maximum once thickness
h decreases to 2.46 µm or increases to 2.58 µm. Therefore, 3 dB fabrication tolerance of the thickness h
is −0.06 µm–+0.06 µm.
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4.4. 3 dB Alignment Tolerance of the Grating Coupler

When aligning the SMF and grating coupler in the experiment, incident angleθ remains unchanged
and position of the SMF is continuously adjusted to get the maximum coupling efficiency. Therefore,
only 3 dB alignment tolerance of the z and y is analyzed.

When SMF deviates from the ideal position, effect of the SMF position on the coupling efficiency
ηg1 is shown in Figure 10a. Firstly, with the growth of the z, coupling efficiency ηg1 increases to its
maximum and then drops. Secondly, with the growth of the y, maximum of the coupling efficiency
ηg1 changes in the same way. When y is 3.2 µm, coupling efficiency ηg1 gets its maximum of 0.35 at
z = 3.4 µm and drops to half at z = 1.6 µm or 6.8 µm. Therefore, 3 dB alignment tolerance of the z is
−1.8 µm–+3.4 µm.
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Figure 10b shows the influence of the y on the maximum of the coupling efficiency ηg1 detailly.
Coupling efficiency ηg1 gets its maximum of 0.35 at y = 3.2 µm and drops to half at y = 20.2 µm. Limited
by the thickness of the top cladding, the minimum of the y is 2 µm. Therefore, 3 dB alignment tolerance
of the y is −1.2 µm–+12.0 µm.

4.5. Polarization-Dependent Loss of the Grating Coupler

Polarization-dependent loss of the grating coupler (ηp
′) can be calculated as follow:

ηp
′ =

∣∣∣ηTE
′
− ηTM

′
∣∣∣ (8)

where ηTE
′ denotes the coupling efficiency between the SMF and grating coupler when TE mode is in

the SMF, ηTM
′ denotes the coupling efficiency when TM mode is in the SMF. Coupling efficiency ηTE

′

and ηTM
′ are 0.35 and 0.05 respectively when parameters in the grating part are final values in Table 1,

width b is 6 µm, and length Lt is 300 µm. Therefore, polarization-dependent loss of the grating coupler
(ηp
′) is up to 0.30.

5. Comparison of Two Fiber-to-Waveguide Couplers

Tables 2 and 3 show the parameters, maximum coupling efficiency, 3 dB fabrication tolerance,
3 dB alignment tolerance, and polarization-dependent loss of the Y-branch coupler and grating coupler
respectively. Following results can be obtained from two tables, firstly, maximum coupling efficiency
of the grating coupler (ηg = 0.35) is greater than Y-branch coupler (ηy = 0.24). Secondly, in terms
of the etching process, difficulty of fabricating the grating coupler is slightly less than that of the
Y-branch coupler. When fabricating the Y-branch coupler, minimum size to be etched is 0.10 µm
(width W) and its fabrication tolerance is −0.10 µm–+0.05 µm. Minimum size of the grating coupler is
0.20 µm (width p) and its fabrication tolerance is ±0.05 µm. Thirdly, in terms of the coating process,
fabricating the Y-branch coupler is easier because thickness of the bottom cladding h should be strictly
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controlled at 2.52 µm and its fabrication tolerance is ±0.06 µm. Fourthly, compared with the Y-branch
coupler, it is easier to align the single-mode fiber (SMF) and grating coupler. Because Y-branch coupler
must be located at the edge of the waveguide reference wavefront source (RWS), and edge of the
waveguide RWS should be polished before using the Y-branch coupler. However, grating coupler does
not have this problem. When aligning the SMF and Y-branch coupler, SMF center must be located in a
circular area with the radius of 1.10 µm, and center of this circle is Y-branch coupler center. Aligning
the SMF with the grating coupler is relatively simpler because of the greater alignment tolerance
(−1.8 µm–+3.4 µm along the z direction, −1.2 µm–+12.0 µm along the y direction). Fifthly, polarization
of the mode in the SMF has a great impact on the coupling efficiency no matter for the grating coupler
or Y-branch coupler. When mode in the SMF changes from TE mode to TM mode, coupling efficiency
of the grating coupler is even reduced by 0.3. Therefore, polarization of the mode in the SMF must be
strictly controlled.

Table 2. Characteristics of the Y-branch coupler.

W
(µm)

G
(µm)

dx
(µm)

dy
(µm)

Lb
(µm) ηy ηp

0.10
−0.10–+0.05

0.86
−0.70–+1.40

√
dx2 + dy2 ≤ 1.10 10 0.24 0.11

Table 3. Characteristics of the grating coupler.

Λ

(µm) d q
(µm)

p
(µm)

b
(µm)

θ
(◦)

0.40
−0.02–+0.02

0.476
−0.12–+0.12

0.22
−0.05–+0.05

0.20
−0.05–+0.05 6 20

z
(µm)

y
(µm)

h
(µm)

Lt
(µm) ηg ηp

′

3.4
−1.8–+3.4

3.2
−1.2–+12.0

2.52
−0.06–+0.06 300 0.35 0.30

6. Conclusions

In this paper, reference wavefront source (RWS) based on silicon nitride (SiN) waveguide in
point diffraction interferometer (PDI) is firstly introduced. Then, maximum coupling efficiency, 3 dB
fabrication tolerance, 3 dB alignment tolerance and polarization-dependence loss of the Y-branch
coupler and grating coupler are compared to improve the power of wavefront. Simulation results show
that waveguide RWS can generate a reference wavefront whose root-mean-square (RMS) value is less
than 0.03 nm and numerical aperture (NA) is over 0.5, owing to high refractive index difference between
SiN core and silicon dioxide (SiO2) cladding. Using Y-branch coupler or grating coupler is an effective
way to improve the power of wavefront. Compared with Y-branch coupler, grating coupler is the
more recommended fiber-to-waveguide coupler because its maximum coupling efficiency (ηg = 0.35)
is greater. Moreover, etching process and alignment process of grating coupler are easier. Y-branch
coupler is a better choice if the coating technology cannot meet the requirement (fabrication tolerance is
±0.06 µm). Finally, polarization of the mode in the single-mode fiber (SMF) must be strictly controlled
no matter for grating coupler or Y-branch coupler. This paper improves the power of the wavefront
by selecting appropriate fiber-to-waveguide couplers for waveguide RWS. PDI based on the power
improved waveguide RWS is expected to be used in many measurement fields.
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