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ABSTRACT

The coupling between a silicon nanowire (NW) and a single mode fiber (SMF) is challenging. Design and optimization of
compact spot-size converters (SSCs) for silicon photonics devices are presented by using numerically efficient and rigorous
full-vectorial finite-element based approaches. The multi-Poly-Silicon layers based SSCs are proposed and optimized for
the quasi-TE and quasi-TM polarizations sequentially. The coupling losses can be reduced to 2.72 dB and 2.45 dB for the
quasi-TE and quasi-TM polarizations, respectively by using an eleven Poly-Si layers based SSC. A polarization-
independent SSC is also proposed based on the phase-matched multi-Poly-Silicon layer and lower taper waveguide for
both the quasi-TE and quasi-TM polarizations. Coupling to a lensed fiber with the radius of 2 um, the optimized
polarization-independent SSC is with the coupling losses of 0.34 and 0.25 dB for the quasi-TE and quasi-TM polarizations,
respectively. The on-chip integrated SSC opens up the feasibility of a low cost passive aligned fiber-pigtailed electronic-
photonics integrated circuits platform.
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1. INTRODUCTION

Silicon photonics has attracted attention as a promising technology for optical telecommunications and large scale photonic
integrated circuits (PICs) [1]. Using highly sophisticated Complementary-Metal-Oxide-Semiconductor (CMOS)
compatible process, silicon photonics fabricated on Silicon-On-Insulator (SOI) substrate would provide us with an
inexpensive highly integrated photonic platform, in which ultra-compact photonic circuits can be achieved due to a very
high index contrast. The major issues in wide spread use of silicon photonics are lack of any practical silicon based lasers,
efficient modulators and coupling structures [2-4]. Additionally, in spite of progress in developing on-chip laser sources
and modulators in silicon photonics, at present practical approaches require coupling light into and out of silicon devices.
Particularly difficult is the coupling of light from a silicon nanophotonic waveguide to a standard optical fiber due to the
large mode mismatch [5].

To achieve a high coupling efficiency between the silicon waveguide and optical fiber, various coupling schemes have
been proposed recently. One approach could be the use of lenses, either bulk-optic lenses or a lensed fiber [6]. However,
lenses require multiple anti-reflection (AR) coatings and complicated rigid packaging. Also, disadvantages of using lensed
fiber are of critical fabrication process and small alignment tolerance. Another approach could be the use of a grating
structure to couple light from an SOI waveguide into a fiber, which has the advantage of not requiring polished facets for
coupling [7]. But, a grating-based coupling is inherently limited in spectral bandwidth, which also needs a vertical/tilted
fiber-alignment. Another approach is to integrate a taper based spot-size converter (SSC) into the PIC system [8]. A 3D
taper structure can adiabatically transform the mode of an SOI waveguide to the fiber mode [9]. Nevertheless, the
fabrication of such taper requires gray scale lithography, which is not compatible with the standard CMOS process. An
inverted taper using CMOS technology can make an adiabatic taper structure, while requires a thick buried oxide layer.
Furthermore, the taper based SSC often has inherent loss, which is limited by the taper end-face reflection and radiation
losses. Therefore, the efficient coupling of the silicon nanophotonic waveguide into optical fiber remains a challenge.

Here, we report a multi-layer based SSC without a taper for coupling between a silicon nanowire (NW) and a standard
SMF, which can be easily fabricated by using standard CMOS process. In this case, a rigorous H-field based full-vectorial



finite element method (VFEM) is used to find the vector modes and supermodes of the coupled structure [10]. Following
that, the least squares boundary residual (LSBR) method is used to find the power transfer efficiency and the coupling loss,
which is a very rigorous approach particularly useful for non-identical and strongly coupled waveguide structure [11]. The
present approach is fully vectorial in nature and being rigorous, will be as accurate as a full-vectorial 3D beam propagation
method (BPM) approach, but computationally more efficient than the BPM.

2. THEORY

The H-field based VFEM has been used to find the modal field profiles at each segment of the multi-layer based SSC,
which is one of the most accurate and efficient approaches. It is of great importance to accurately calculate the isolated
mode and supermode profiles for both quasi-TE and quasi-TM polarized modes, subsequently used for calculating the
power transfer efficiency, for designing a polarization-independent SSC. As for the cross-section of a multi-layer with a
complex boundary, the H-field components are naturally continuous across the dielectric interfaces which can provide the
most rigorous VFEM to characterize nonidentical and strongly coupled waveguide. The full-vectorial formulation is based
on the minimization of the following energy functional [10]:
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where w? is the eigenvalue, H is the full-vectorial magnetic field, * denotes a complex conjugate and transpose, p is a
weighting factor for the penalty term, ¢ and 1 are the permittivity and permeability, respectively.

In this case, the LSBR method has been used to accurately calculate the supermode coefficient and power transfer
efficiency for the multi-layer based SSC, consisting of two nonidentical waveguides. The LSBR method has been proved
to be a powerful approach for nonidentical and strongly coupled waveguide structures. For a strong discontinuity interface,
such as the end of the SSC and a SMF interface, the LSBR method can be used to estimate both the transmission and
reflection coefficients by imposing the continuity of the transverse electric and magnetic fields at the junction interface in
a least-squares sense. The LSBR method looks for a stationary solution to satisfy the continuity conditions in a least squares
sense by minimizing the error energy functional, J, as given by [11]

J=[|e -E"[ +a-ZZ|H! K[ do 2

where E{, H{ and E{' H{' are the transverse electric and magnetic fields in sections | and 11, respectively. Z; is the free-
space impedance, Q is the junction interface, and « is the dimensionless weighting factor to balance the electric and
magnetic components of the error functional J.

3. RESULTS
3.1 SSC for TE polarization

In this section, the coupling between a silicon NW and an SMF by using the proposed multi-layer based SSC is studied
for the quasi-TE polarization. We propose one-layer and eleven multi-Poly-Si layers based SSCs for the quasi-TE
polarization. The coupling schematic of the proposed SSC is shown in Figure 1(a), consisting of a multi-layer based SSC
between a silicon NW and an SMF [12]. The coupling length is denoted by L. The cross-section of the multi-layer based
SSC is shown in Figure 1(b). The lower silicon NW is with the size of wi x H. The upper waveguide is comprised of the
multi-Poly-Si and silica layers with the thicknesses of h and Sy, respectively. The width of the upper multi-layer is denoted
by w,. The gap between the lower and upper waveguides is denoted by S. In this paper, the refractive indices of the silicon,
Poly-Si, and silica are set to be 3.47548, 3.48, and 1.46, respectively at 1550 nm. The size of the lower silicon waveguide
is chosen to be w; x H =400 nm x 220 nm. The width of the upper waveguide is chosen to be 6 um to expand its spot-size
horizontally.
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Figure 1. Schematic of the proposed SSC: (a) Schematic diagram for coupling process, (b) Cross-section of the SSC.

In this section, the number of the upper Poly-Si layers is sequentially set to be one and eleven to expand its spot-size
vertically. Firstly, the analysis for a single-Poly-Si layer based SSC is presented. The effective index (ne) for the
fundamental TE mode of an isolated Poly-Si layer is calculated by varying the height, h. A single layer of wider Poly-Si
can be phase matched to silicon NW. Variations of ne« with the height of the Poly-Si layer, h, for the H)l,1 mode are shown
in Figure 2. It can be observed that as the height, h, of the Poly-Si layer is increased, the nes of the H>1,l mode is increased.
The nef of the isolated Poly-Si layer becomes equal to the ne of the silicon NW without upper layer when h = 107 nm as
the two curves cross each other and in this case phase matching between the isolated wider Poly-Si layer and silicon NW
can be achieved.
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Figure 2. Variations of neft with the height of the Poly-Si layer, h, for the Hi,lmode. The horizontal line represents the nes

of the silicon waveguide without the upper layer.

Although the phase-matching condition was determined with isolated mode analysis, it is necessary to it is necessary to
study the supermode characteristics for the proposed SSC due to the strong mode-coupling effect. In order to get the phase-
matching condition, variations of the propagation constants of the even and odd supermodes with the height of the Poly-
Si layer are calculated by using the VFEM and shown in Figure 3(a). It can be noted that two curves become closest at the
phase-matching point, which would get mix-up and form even and odd supermodes. The curves for S = 300 nm are closer
than that for S = 500 nm due to the stronger mode-coupling effect. The coupling lengths for these two gaps are also
calculated based on Le=m/(Beven-Podd), Where Seven and foga are propagation constants of the even and odd supermodes,
respectively [12]. Variations of the coupling lengths with the height of the Poly-Si layer are shown in Figure 3(b). It can
be noted that a more compact length would be obtained with a narrower gap. The curve for S = 300 nm is more flat
compared with S = 500 nm, which reveal that it is more insensitive to the change of the height of the Poly-Si layer.
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Figure 3. Coupling characteristics of single-layer based SSC. (a) Even and odd supermode £ variations with Poly-Si height
(h) for S = 300 nm and 500 nm, respectively. (b) Variations of coupling length, Lc with h for S = 300 nm and 500 nm,
respectively.

2L — 10— . - . . —
— . $=300nm —---Pa
~ -

08 (7] SR BE e

b N .
*
E o »
2 06 2 06 N
g —a—Ce, §= 500 nm a 06r \ /
54 —&— o, § = 500 nm E A ;
2 04 —o—Ce¢, §= 300 nm S 04l ' ,,’
£ ==, § =300 nm E . '
= L=} \ 4
o = ‘. "'
rg 02 0.2 \ :
@ o 3 /
T~ b I
0.0 L I I I ' -"‘"—-——I 1 0.0 Il L S L L
100 110 120 130 140 150 100 110 120 130 140 150
Poly-8i Layer Height, /i (nm) Paly-Si layer height, h (nm)
@ (b)

Figure 4. (a) Variations of even-like and odd-like supermode coefficients with h for S = 300 and 500 nm, respectively. (b)
Variations of the normalized power transfer efficiency with h for S = 300 nm. The inset is the output modal field at z = L.
Pa and Py are the power in the Poly-Si layer and the silicon NW, respectively.

For weakly coupled identical waveguides, the amplitudes of two supermodes can be equal when an incident wave launched
into any of the two waveguide. However, for the strongly coupled and/or non-identical waveguides, the coefficients of two
supermodes may not be equal, which can cause incomplete transfer of power and increase of the crosstalk. Especially, the
supermode coefficients could be highly unequal for non-identical waveguides when they are not phase matched. To study
the phase matching for the two non-identical coupled waveguides, the supermode coefficients for the even-like and odd-
like supermodes are calculated by using the LSBR method. Variations of even-like and odd-like supermode coefficients
(Ce and C,) with h for S =300 and 500 nm, respectively, are shown in Figure 4(a). The pink and green lines are shown for
the even-like and odd-like supermode coefficients of the SSC with the separation, S = 500 nm. The blue and red lines are
shown for the even-like and odd-like supermode coefficients of the SSC with the separation, S = 300 nm. For both
separations, it can be noted that as the height of the Poly-Si layer is increased, the coefficient of the even-like mode (Ce)
is monotonically reduced, whereas the coefficient of the even-like mode (C,) is monotonically increased. It can be observed
that for S = 500 nm, both supermode coefficients have value of 0.64 near the phase matching for isolated waveguides with
h = 107 nm, in which the value is nearly equal to 1/+/2, and so each supermode carries approximately half of the total
power. When the height of the Poly-Si layer is far away from the phase matching, the two supermode coefficients are
considerably different. As shown in Figure 4(a), for S =300 nm, both supermode coefficients have values of 0.65 and 0.63,
respectively, near the phase matching for the composite waveguide with h = 117 nm, in which the value is also nearly
equal to 1/+/2, and the supermode can carry approximately half of the total power. In order to reduce the coupling length,
the separation, S, is chosen as 300 nm for the single layer based SSC to coupling with the SMF. For the separation S = 300
nm, when the necessary phase matching can be achieved the coupling length is only 5.5 um. Finally, the power transfer



efficiency is calculated by using the LSBR method and shown in Figure 4(b). P, and Py, are the power in the lower silicon
NW and the power coupled to the upper Poly-Si layer, respectively. It can be noted from Figure 4(b) that under the phase-
matching condition, the power transfer efficiency can achieve to be 93.2% from the lower silicon NW to the upper Poly-
Si layer. The coupling efficiency between the single-layer based SSC and the SMF is calculated to be 21.6%, while that
for the direct coupling is only 3.9%.

In order to further increase the coupling efficiency between the multi-layer based SSC and the SMF, an eleven-Poly-Si
layer based SSC is considered. Phase-matching conditions between the upper isolated eleven-Poly-Si layers and lower
silicon NW are shown in Figure 5(a). It can be noted that the phase-matched height is increased with the increase of the
height of the upper silica layer. In order to maximize the effective area (Acrr) of the upper waveguide core, variations of
effective area Aer With Sy for the even modes at phase matching points for half structure of the eleven Poly-Si layers are
calculated by using the VFEM and shown in Figure 5(b). It can be noted that the maximum A of the upper waveguide
can be achieved to be 44.8 um? for S, = 400 nm and h = 95.0 nm. The corresponding field profile (Hy field) is shown in
Figure 5(b) as an inset.
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Figure 5. (a) Phase-matching conditions for isolated eleven-Poly-Si layers. (b) Variations of effective area Aest with Sp for
the even modes at phase matching points for half structure of the eleven Poly-Si layers. The inset is the field profile of the
isolated layers for maximum Aetr.
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Figure 6. Coupling characteristics of the eleven layers based SSC. (a) Even and odd-like supermode $ variations with Poly-
Si Height (h) for S = 200 nm and 500 nm, respectively. (b) Variations of coupling length Lc with h for S = 200 nm and 500
nm, respectively.

The phase-matching condition for the combined structure is studied for the eleven-layer based SSC. Variations of
propagation constants of the even and odd supermodes are shown in Figure 6(a). The phase-matched heights of the Poly-
Si layer are calculated to be h = 105 and 87.2 nm for the gaps, S = 200 and 500 nm, respectively. The coupling lengths are
also calculated and shown in Figure 6(b). Here, the gap, S = 200 nm is chosen for eleven-layer based SSC and the coupling
length is calculated to be 158.67 um. For the phase-matched height, h = 105 nm for the gap, S = 200 nm, the Hy field
profiles of the even-like and odd-like supermodes are shown in Figure 7. It can be noted that these supermodes are not



strictly even- or odd-type since two guides were not identical. Although maximum amplitudes in the upper multi-layer
array and the lower silicon NW are different as their core-sizes were also different, but nearly equal powers are distributed
in two non-identical guides.

@) ()
Figure 7. Hy field profiles of the phase matched (a) even-like and (b) odd-like supermodes.

Finally, the power transfer efficiency between the lower silicon NW and upper eleven-layer based waveguide is calculated
by using the LSBR method and shown in Figure 8. It can be noted that the power transfer efficiency is calculated to be
95.2% at the phase-matched height. The coupling efficiency between the eleven-layer based SSC and the SMF is calculated
to be 56.1%. The total coupling loss is 2.72 dB from the silicon NW to the SMF and vice versa. In order to further increase
the coupling efficiency, a lensed fiber with the radius of 2 um, the core and cladding refractive-indices of 1.4731 and 1.45
is introduced. The coupling losses are reduced to be only 0.34 dB for coupling between the lensed fiber and eleven-layer
based SSC.
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Figure 8. Variations of the normalized power transfer efficiency with h for S =200 nm. The inset is the output modal field at z = L.
3.2 SSC for TM polarization

For the coupling between the on-chip silicon NW and SMF, it is important to provide an SSC not only for singular
polarization but also for both the quasi-TE and quasi-TM polarizations. In this section, the optimization of the proposed
SSC for the quasi-TM polarization is presented. In section 3.3, a polarization-independent SSC is given. Here, an eleven-
layer based SSC is studied for the quasi-TM as an example. Similarly to the optimization process for the quasi-TE mode,
Variations of effective area, Aert with Sy, for the even modes at phase matching points are shown in Figure 9(a). It can be
noted that the maximum Ae of 60 um? can be obtained for S, = 500 nm and h = 146.5 nm. The corresponding field profile
of the isolated Poly-Si layers for the maximum Aes; at the phase matching point (S, = 500 nm) is shown in Figure 9(b). The
power transfer efficiency between the lower silicon NW and the upper multi-layers is calculated by using the LSBR method
and shown in Figure 9(c). The coupling efficiencies are calculated to be 96.8% and 99.3%for the gaps, S = 500 and 800
nm, respectively. The coupling efficiency between the SSC and SMF is calculated to be 59.6%.
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Figure 9. (a) Variations of effective area Aest with Sp for the even modes at phase matching points. (b) Field profile of the isolated Poly-
Si layers for the maximum Aest at the phase matching point (Sp = 500 nm). (c) Variation of the normalized power transfer efficiency with
t for S =500 and 800 nm.

3.3 Polarization-independent SSC

In this section, a polarization-independent SSC is proposed as shown in Figure 10(a). It can be noted that the input quasi-
TE mode can be completely coupling from the lower silicon NW to the upper multi-layer waveguide at the end of Section
I. As the parameters of the upper multi-layer were determined in Section 1, a taper silicon NW in Section 11 is introduced
to change the width of the lower silicon NW, which can achieve the phase-matching condition for the quasi-TM mode in
Section Il1. Hence, the input quasi-TM mode would propagate along the lower silicon NW and be transferred to the upper
multi-layer waveguide at the end of Section Ill. Finally, a polarization combiner is introduced to combine the quasi-TM
mode to the waveguide of the quasi-TE mode. The power transfer from the lower silicon NW to the upper multi-layer
waveguide was given in Section 3.1 for the quasi-TE mode. Variations of the normalized power transfer efficiency with
the width of the silicon NW are shown in Figure 10(b) for the quasi-TM mode. The power transfer efficiency of the quasi-
TM is calculated to be 95.5% for the phased-matched width of W1 = 225 nm. When coupling to a lensed fiber with the
radius of 2 um, the total coupling loss is calculated to be only 0.25 dB for the quasi-TM mode. In addition, the coupling
efficiency can be further enhanced by adding the index-matching oil.
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Figure 10. (a) Schematic of polarization-independent SSC based on the multi-layer. (b) Variations of the normalized power
transfer efficiency with the width of the silicon NW.

4. CONCLUSION

In conclusion, the concept of the multi-layer based SSC has been proposed and optimized for both the quasi-TE and quasi-
TM polarizations. For identical waveguide and weak coupling, often coupled mode theory could be adequate to estimate
power transfer between coupled waveguides. However, when coupling is strong, waveguides are non-identical and as in
this case modes are highly hybrid, a full-vectorial rigorous numerical approach is necessary. The VFEM and LSBR method
has been used to study the mode and propagation characteristics. The coupling losses were calculated to be 2.72 dB and
2.45 dB for the quasi-TE and quasi-TM polarizations, respectively by using an eleven Poly-Si layers based SSC. A



polarization-independent SSC has been proposed. The coupling losses were reduced to be 0.34 and 0.25 dB for the quasi-
TE and quasi-TM polarizations, respectively, coupling to a lensed fiber with a radius of 2 pum.
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