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Abstract: Integrating the graded index (GRIN) waveguide with the 2-D inversely-tapered waveguide,
a new design of spot size converter (55C) has been proposed to couple the light beam between the
cleaved single-mode fiber (SMF) and the silicon (5i) wire waveguide on the silicon-on-insulator (SOI)
platform. The device demonstrates a low coupling loss of 0.27 dB when it is coupled to a cleaved SMF.
The polarization-dependent loss (PDL) is less than 0.25 dB, and the 1-dB alignment tolerance is about
—2.0~2.0 um for both vertical and horizontal directions. At the same time, the starting tip width of
the tapered waveguide is kept at the level of the lithography limitation at the current commercial
silicon photonics fab. This integrated SSC could be an improved design for reducing the coupling
loss between the cleaved SMF and the Si waveguide.

Keywords: silicon photonics chips; photonics passive devices; spot size converter

1. Introduction

The SOI platform has emerged as an important platform for photonic integrated
circuits (PIC), which could integrate conventional optical devices onto silicon wafers.
Silicon photonic chips based on SOI platform fabrication, whose manufacturing process
is compatible with the complementary metal oxide semiconductor (CMOS) process, can
realize optoelectronic hybrid integration on a single chip, which has an important role
in optical communication networks. The mode field size of the Si waveguide on this
platform is at the submicron level, while the mode field diameter (MFD) of the cleaved
SMF is typically in the 8~10 pm range. The direct fiber-to-chip coupling presents significant
losses due to the mode mismatch. Therefore, fiber-to-chip couplers play an essential role
in the SOI platform, which is divided into two models: vertical grating couplers and
SSCs. Compared with vertical grating couplers, SSCs demonstrate lower coupling loss and
lower polarization-dependent loss (PDL) [1]. Moreover, the SSC is more conducive to the
packaging of commercial silicon photonic chips. Therefore, SSCs may be more suitable for
implementing fiber-to-chip coupling for commercial PIC products.

The typical SSC contains a tapered Si waveguide and SiO; cladding. Along the trans-
mission direction, as the Si waveguide cross-section increases, the mode field is gradually
guided into the Si waveguide [2,3]. In addition to the traditional tapered waveguides,
other structures were applied to SSCs for lower coupling losses. The coupling loss of the
following SSCs is obtained at a wavelength of 1550 nm. The structure with multiple taper
tips was used to couple with a lensed fiber (MFD: 6 um), and the coupling loss is 1.25 dB [4].
Subwavelength grating structures were utilized to reduce the device size and the coupling
loss with lensed fibers or ultra-high numerical aperture (UHNA) fibers (MFD: <6 um), and
the minimum coupling loss could be less than 0.42 dB [5,6]. Most SSCs were coupled with
lensed fibers or UHNA fibers because the MFD of lensed fibers and UHNA fibers can be
less than 6 um, which matches the size of the mode field at the starting position of SSCs [7].
Compared to cleaved SMFs, lensed fibers are expensive to fabricate and can be easily
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damaged. In order to reduce coupling difficulty and costs, one of the trends in SSCs is to
change from alignment with lensed fibers to alignment with cleaved SMFs. When coupling
with the cleaved SMF, the coupling loss of SSC using an inversely-tapered Si waveguide is
up to 3.5 dB for transverse electric (TE) mode [8]. To reduce the coupling loss, additional
structures are usually required besides the tapered Si waveguide, such as subwavelength
grating structures [5], overlapped tapers [9], thin-film stack-based lenses [10], and polymer
tapered waveguides [11]. However, the coupling loss of SSC when coupling with cleaved
SMF is difficult to achieve below 1 dB. Although the coupling loss between SSCs and
cleaved SMFs can be as low as 0.75 dB using a subwavelength grating structure, the length
of the device is more than 1500 um, which is hard for the integration with other devices
on the single chip [5]. It can be seen that achieving low-loss coupling between SSC and
cleaved SMF is difficult. In addition to this, the tapered waveguides in SSCs typically have
taper tips smaller than 200 nm, which is not suitable for SSCs to be fabricated at the current
commercial silicon photonics fab.

In this paper, a design of SSC integrating the ion-implanted GRIN waveguide and
the 2-D inversely-tapered waveguide has been proposed for coupling the light between
the cleaved SMF (MFD: 8~10 um) and the Si waveguide. The tip width of the tapered
waveguide is 200 nm and the height is 60 nm, which is compatible with commercial silicon
photonics technology. The coupling loss of the SSC is obtained by using finite difference
time domain (FDTD) simulation. When the MFD is 8 pum and the wavelength is 1550 nm,
the lowest coupling loss is 0.29 dB for TE mode and 0.27 dB for transverse magnetic (TM)
mode. Meanwhile, the starting Si tip width of 200 nm reaches the level manufactured at
the commerecial silicon photonics fab.

2. Design of Materials and Methods

The scheme of the SSC is shown in Figure 1. The SSC consists of the ion-implanted
GRIN waveguide and the 2-D inversely-tapered waveguide. The GRIN waveguide com-
presses the mode field with 8~10 um MFD of the cleaved SMF into a small mode field with
3~4 um MFD, both horizontally and vertically. As shown in Figure 1, closely following the
GRIN waveguide is the 2-D inversely-tapered waveguide, which could convert the small
mode field with 3~4 um MFD into the fundamental mode of the Si waveguide adiabatically.
The 2-D inversely-tapered waveguide is located above the buried oxygen (BOX) layer.
Details about the design will be explained in the following sections.

GRIN Waveguide

Cladding 2
Cladding 1

2-D Inversely-Tapered

-/ Waveguide

Figure 1. The scheme of the proposed SSC.

2.1. GRIN Waveguide

GRIN waveguides have a gradual refractive index distribution, and light beams
transmitted within GRIN waveguides could be compressed or enlarged [12]. In this paper,
the refractive index profile of the ion-implanted GRIN waveguide is a symmetric Gaussian
profile in the horizontal direction, as shown in Figure 2b. The refractive index profile
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is a half-parabolic profile in the range of 0~9 pm and a Gaussian profile in the range of
9~11 um in the vertical direction as shown in Figure 2c.
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Figure 2. Schematic and the refractive index transverse distribution of the GRIN waveguide. (a) The
3D view of the GRIN waveguide; (b) the refractive index profile in the horizontal direction (Y-axis);
(c) the refractive index profile in the vertical direction (Z-axis).

Here, we give the theory of using ion implantation technology to fabricate the GRIN
waveguide of our design. Ion implantation is a mature technique for waveguide fabrication
in the field of integrated optics, that is compatible with current commercial silicon photonics
technology [13]. Ion implantation can precisely change the refractive index of the material
by controlling the type of ions, ions energy, and ions dose. Ion energy can range from
several thousand electron volts to over ten million electron volts [14]. In the vertical
direction, a single ion implantation can form a Gaussian profile of the refractive index
distribution, and with multiple ion implantations, it is possible to achieve a customized
refractive index profile [15]. The lateral Gaussian distribution can be naturally formed by
using a lithograph-defined window within the ion implantation [16]. Therefore, the control
of the refractive index in the vertical direction is more important for the GRIN waveguide.
As shown in Figure 3, the distribution of vacancies formed after multiple implantations
of N* into SiO, simulated by the transport of ions in matter (TRIM) software could fit the
refractive index profile of our designed GRIN waveguide, which demonstrates that our
designed GRIN waveguide can be fabricated by multiple implantations of N* into SiO;.
The vacancy distribution could linearly fit the refractive index distribution within the error
tolerance after annealing [17]. Therefore, the refractive index distribution formed by the N*
implanted into the SiO, can be predicted by the vacancy distribution obtained from the
TRIM simulation. For the type of ions, N* implanted into SiO; can increase the refractive
index of SiO, by up to 6%. Therefore, the refractive index range is from 1.458 to 1.482 in
our design. In addition to this, ion implantation introduces a high-temperature annealing
process [17]. Therefore, the subsequent high-temperature environment will not affect the
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refractive index profile of the GRIN waveguide fabricated by ion implantation, which is
beneficial for achieving optical integration.
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Figure 3. The vacancies distribution and the refractive index profile in the vertical direction. (a) The
vacancies distribution calculated by TRIM for multiple ion implantations; (b) comparison of the
refractive index profile designed by us and the sum vacancies distribution calculated by TRIM.

Here, the route of the light rays in the GRIN waveguide with a parabolic refractive
index profile could be analyzed according to the geometric optics propagation theory [12]:

tanf .
y= ymos(x/gz) + ﬁsm<\/gz) (1)
where yp and 0 are the incident position and the angle of incidence of the light rays,
respectively. A is a constant related to 71,4y, 110, and hg. Their relationship is described by:

2 no )
A= ——(1- 2
h02 ( Nmax ( )
where 1, is the maximum refractive index, and ng is the refractive index of SiO,, kg is
the thickness of the waveguide. According to Equation (1), when the angle of incidence of
light rays is zero radians, regardless of whether the refractive index profile of the GRIN

medium is parabolic or half-parabolic, the route of light rays within the GRIN medium is a
sinusoidal function with a period P [12]. P is represented by:

2m
P=— 3
VA ©
As shown in Figure 4a, when the light ray is incident vertically to the end face of the
GRIN (with an incidence angle of 0), the periodic focus occurs at the focal position Pj:

P = %;DP,Z:LZ,B,... @)
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Figure 4. The 3D-FDTD simulation results of the GRIN waveguide. (a) The mode field distribution
of the GRIN waveguide; (b) the loss of the GRIN waveguide section as a function of the length of the
GRIN waveguide.

Obviously, the first focused position of light rays is at a distance of P/4 according
to Equation (4), and it is clear that the mode field size is the smallest at this position.
Therefore, the shortest length of the GRIN waveguide should be set as P/4. Combining
Equations (2) and (3), the shortest length of the GRIN waveguide can be predicted by:

I T 2Mmax
4 2\/2 o 4\ nypax — 1o ©)

The MFD of the light source was set to 8§ um, and the simulation of the GRIN waveg-
uide was performed via FDTD software. As shown in Figure 4b, the loss from the cleaved
SMF to the beginning of the 2-D inversely-tapered waveguide can be as low as 0.24 dB
when the GRIN waveguide length is 105 pm. When hg is 11.8 um, #1,4y is 1.46, and ny is
1.458, the length calculated by Equation (5) is 99 um, which is close to the optimized length
(105 um) by 3D-FDTD simulation.

From the cleaved SMF to the taper tip position of the 2-D inversely-tapered waveguide,
this part is the GRIN waveguide section, and the loss of the GRIN waveguide section
consists of three parts. The first part of the loss is the reflection loss between the cleaved
SMF and the GRIN waveguide, which could be minimized by the selection of a suitable
refractive index matching liquids [8]. The second part of the loss is the transmission loss of
the GRIN waveguide. The transmission loss is generally small and is neglected according
to the 3D-FDTD simulations. The third part of the loss is the mode mismatch loss between
the GRIN waveguide and the 2-D inversely-tapered waveguide, which is the main source of
the loss. Therefore, reducing the mode mismatch loss is the focus of our discussion. Making
the effective refractive indices of the two modes close to each other is an effective way
to reduce the mode mismatch loss. The refractive indices and dimensions of Cladding 1
and Cladding 2 have been optimized in order to make the effective refractive index of the
fundamental mode of the 2-D inversely-tapered waveguide close to that of the mode at the
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end of the GRIN waveguide. In theory, the mode overlap integral can represent the mode
mismatch loss to a certain extent. The modal overlap integral can be calculated by [5]:

| [ E1E2dA|?
JIE1|*dA [|Ey|*dA

n= (6)

where E; and E, are the complex electric fields for the mode at the output end of the GRIN
waveguide (Figure 5a) and the TE fundamental mode at the starting tip of the 2-D inversely-
tapered waveguide section (Figure 5b), respectively. Due to the fact that Equation (6) only
considers the electric field and does not take into account other factors such as refractive
indices or the contribution of higher-order modes, there is a certain error between the mode
mismatch loss calculated by Equation (6) and the loss obtained by 3D-FDTD. The loss
obtained by 3D-FDTD is 0.24 dB, while the mode mismatch loss calculated by Equation (6)
is 0.41 dB.

Cladding 2
Clﬂg 1
i 2-D Inversely-
Tapered
Waveguide

Si Substrate

(a) (b)

Figure 5. The field distributions of different modes. (a) The TE mode at the end face of the GRIN
waveguide; (b) the fundamental TE mode at the beginning of the 2-D inversely-tapered waveguide.

2.2. The 2-D Inversely-Tapered Waveguide

Inversely-tapered waveguides are usually used to couple light with mode fields of
different spot sizes and shapes [2]. When the mode field from the cleaved SMF is incident
on SSCs, the mode field will be smoothly guided into the Si waveguide as the Si waveguide
cross-section increases. In order to reduce the loss, the design of the tapered Si waveguide
needs to comply with the adiabatic transmission principle [18]. In addition to this, the
roughness of the taper waveguide’s surface could lead to scattering losses in fabrication.
The scattering loss of the Si waveguide could be as low as 0.5 dB/cm [19]. The length of
our designed device is relatively short, so the scattering loss is negligible in the simulation.

The structure of the 2-D inversely-tapered waveguide is shown in Figure 6. The
tapered waveguide tip width is 200 nm and the height is 60 nm in our design. Along
the beam propagation direction, the width/height of the waveguide increase linearly
to 500 nm /220 nm. The narrowest width of the tapered waveguide is set at 200 nm to
be compatible with the level of lithography limitation at the current commercial silicon
photonics fab [20]. The technology for fabricating linearly-tapered waveguides in the
horizontal direction is mature. Silicon structures in the vertical direction can also be
fabricated by gray-scale technology [21]. Grayscale technology refers to the introduction
of gray-scale masks in reactive ion etching (RIE) to control the etching depth at different
positions so as to realize the fabrication of Si waveguide structures in the vertical direction,
which has been used in industrial manufacturing to fabricate micro-optical devices due
to the low cost and the mature process [22]. Therefore, the linearly-tapered structure in
the vertical direction in the 2-D inversely-tapered waveguide could be fabricated at a low
cost by using gray-scale masks in RIE. Outside the 2-D inversely-tapered waveguide, two
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5i0; cladding layers with different refractive indices were designed, which can both be
accurately defined by plasma-enhanced chemical vapor deposition (PECVD) [23,24].

500 nm

2-D Inversely-Tapered
Waveguide
z

=

7 pm

3.2um

Cladding 1

Cladding 2
2.8 ym T—

Tum 5.5 um

3.2um

Box

(b) (c)

Figure 6. The scheme of the 2-D inversely-tapered waveguide. (a) With no cladding layer; (b) with
Cladding 1 layer; (c) with Cladding 1 and Cladding 2 layers.

In our design, the length of the 2-D inversely-tapered waveguide has been optimized
by eigenmode expansion (EME) simulation and was double-verified by 3D-FDTD simula-
tion for comparison. The EME simulation could calculate the mode propagation coefficients
for each part of the waveguide, which could optimize the length of the tapered waveguide
to enable adiabatic transmission. As shown in Figure 7a, for the TM mode, the coupling
loss is close to the minimum when the length of the tapered waveguide exceeds 200 um. In
order to make the coupling loss also close to the minimum for the TE mode, the optimal
length of the tapered waveguide can be set to 300 um. At this optimized length, it can be

obtained that the loss of TE mode is 0.12 dB and the loss of TM mode is 0.05 dB for the full
structure of the 2-D inversely-tapered waveguide.

5 1.2
249 51.01
2 N EME TM mode || =
231\ = FDTD TM mode || £ 081
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Figure 7. The 3D-FDTD and EME simulation results of the 2-D inversely-tapered waveguide.

(a) The coupling loss of the 2-D inversely-tapered waveguide as a function of the length of the
2-D inversely-tapered waveguide; (b) the coupling loss of the SSC as a function of An.
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The refractive indices and dimensions of the Cladding 1 and Cladding 2 have been spe-
cially optimized in order to reduce the mode mismatch loss between the GRIN waveguide
and the 2-D inversely-tapered waveguide. The optimized refractive index difference be-
tween Cladding 1 and Cladding 2 is as small as 0.002. By using the radiofrequency PECVD
technique, the refractive index of the deposited SiO, can be controlled with extremely high
precision [24], which could meet the requirement of depositing two SiO; layers with a
refractive index difference of 0.002. We also discussed the effect of increasing the refractive
index difference on the coupling loss of the device. The refractive index of Cladding 2 is set
to n, and in the paper, 7 is fixed at 1.458. The refractive index of Cladding 1 is set to n 4 An,
An represents the refractive index difference between Cladding 1 and Cladding 2. The MFD
of the light source is set to 8 um, and the mode is TE mode. The coupling loss variation
of the full SSC has been simulated when An varies between 0.002 and 0.017. According
to Figure 7b, the coupling loss of the SSC increases with the increase in An. The coupling
loss of the SSC can be maintained at less than 0.98 dB when An is less than 0.015, which
demonstrates an acceptable fabrication tolerance for the device.

3. Results

The whole mode field distributions in the SSC are shown in Figure 8. The MFD of the
light source is set to 8 um and 10 um, and the wavelength is set to 1550 nm. The simulation
results of the SSC are presented by the FDTD solution using the Lumerical software. It
can be seen that the beam is finally coupled from the cleaved SMF into the Si waveguide
through the SSC. The coupling loss of the TE mode is 0.29 dB, and that of the TM mode is
0.27 dB for the light source with an 8 pm MFD. When the MFD of the light source is set
to 10 um, the coupling loss is limited to 0.58 dB for TE mode and 0.56 dB for TM mode.
The simulation results show that the proposed SSC achieves a very low coupling loss of
0.27 dB with a cleaved SMEF, and the good simulation results provide a basis for fabricating
a low-loss SSC for alignment with a cleaved SMF.

11.8 11.5
5.33 Light from the cleaved SMF 5.2
241 F 2.36
Si waveguide 1.09 g Si waveguide 107
N

0.222 0.22
0 100 200 300 400 0.1 0 100 200 300 400 0.1
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==p  Direction of light propagation

Figure 8. The mode distribution of the SSC simulated by 3D-FDTD. (a) TE mode field distribution for
8 um MFD; (b) TM mode field distribution for 8 um MFD; (c) TE mode field distribution for 10 um
MED; (d) TM mode field distribution for 10 um MFD.

In addition to low coupling loss, the SSC we designed has a low PDL and large
alignment tolerances. Figure 9 shows the simulation results of the 1-dB alignment tolerances
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at the MFD of 8 um. For TE mode, the tolerance is —2.1 um~1.9 um in the vertical direction
(Z-axis) and —1.8 um~1.8 um in the horizontal direction (Y-axis). For TM mode, the
tolerance is —1.9 um~2.1 um in the vertical direction (Z-axis) and —1.8 um~1.8 um in the
horizontal direction (Y-axis). The PDL between the two polarization states is less than
0.25 dB, which demonstrates good polarization insensitivity.

1.50

—e— TE mode \ —— TE mode
e TM mode / 1.25 A TM mOde

oy

=

S
L

R\
Coupling Loss (dB)
= [—] =
N (V)] X
W < n

1.6 -

; . . 0.00 . . . , .
08 0.0 08 1.6 -1.8 -12 -0.6 0.0 06 12 1.8
Z-axis (jm) Y-axis (um)

(a) (b)

Figure 9. The 1-dB alignment tolerance (a) in the vertical direction (Z-axis); (b) in the horizontal
direction (Y-axis).

The conventional SSCs align with the lensed fiber, which increases the difficulty of
alignment and inhibits large alignment tolerances. Therefore, one of the trends in SSC
is to change from alignment with lensed fibers to alignment with cleaved SMFs. Table 1
shows the comparison between our work and other SSCs aligned with cleaved SMFs
(MFD: 8~10 um). Comparing with other SSCs, our designed SSC achieves lower loss
coupling between the cleaved SMF and Si waveguides while maintaining the tapered
waveguide tip width of 200 nm. This demonstrates the possibility of mass production of
our proposed SSC on the current commercial silicon photonics fab, thus reducing the cost.

Table 1. Comparison of coupling loss for different SSCs aligned with the cleaved SME.

References

MFD (um)

Coupling Loss (dB) Simulated or

Width of Taper Tip (nm) .
TE Mode TM Mode Experimental

[3]

8

70 2 2 Experimental

[5]

6/10

150 0.42/0.75 NA Simulated

(8]

200 3.5 3.7 Simulated

[9]

10.5

100 15 21 Experimental

[10]

9~10

No Inversely Taper 26+03 26+0.3 Experimental

This Work

8/10

200 0.29/0.58 0.27/0.56 Simulated

4. Conclusions

In this paper, a new design of low-loss SSC based on the integration of the ion-
implanted GRIN waveguide and the 2-D inversely-tapered waveguide has been proposed
and demonstrated. The SSC could be used for low-loss coupling with cleaved SMF. For
the light beam with a MFD of 8 um, the TE or TM coupling loss is 0.29 dB or 0.27 dB. For
the light beam with a MFD of 10 um, the TE or TM coupling loss is 0.58 dB or 0.56 dB. The
device also demonstrated polarization insensitivity with a PDL of less than 0.25 dB. The
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1-dB alignment tolerance is ~2.0 um for the vertical direction or horizontal direction under
TE or TM mode illuminations, which provides a large tolerance for the alignment with the
cleaved SMEF. For the 2-D inversely-tapered waveguide, the coupling loss could still be less
than 1 dB when the refractive index difference between Cladding 1 and Cladding 2 is up to
0.015, which shows an acceptable tolerance for the device fabrication.

Comparing with the high-cost electron beam lithography technique, the manufac-
turing technology employed in our designed SSC could involve grayscale technology for
micro-optical device fabrication and multiple ion implantation for customized refractive
index waveguide fabrication, both of which are relatively mature at this moment. More-
over, the tapered waveguide tip width of 200 nm could allow the SSC to be fabricated in
current commercial silicon photonics fabs. Therefore, we believe that this SSC could be
manufactured at a lower cost. In the future, we will use the above-mentioned technologies
to fabricate the real SSC, and the coupling loss will be characterized experimentally.
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