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Abstract— A circular waveguide grating-via-grating (GVG)
coupler is designed to achieve vertical interlayer optical coupling.
Interlayer coupling efficiency is simulated to be 41% (single
layer efficiency is 64%) for Si3N4 circular waveguide gratings
for TE polarization at 1.55-um wavelength, which is comparable
with that of rectangular SOI gratings incorporating adjacent-
layer reflectors. The grating ridges of circular gratings are
relatively wide (e.g. >465 nm) and adjacent-layer reflectors are
not required, both of which simplify fabrication. In-plane circular
distributed Bragg reflectors are incorporated to enhance the
waveguide-grating interaction. The resonance-enhanced circular
gratings are relatively compact compared with the conventional
SizN4-based rectangular gratings, e.g., the inner grating is
20 pum in diameter. Furthermore, this GVG coupling structure
is less sensitive to misalignment, works well for a wide range
of wavelengths (e.g. £100 nm), and can operate with larger
interlayer separations (e.g. ~5 um) compared with conventional
rectangular gratings.

Index Terms— Circular grating, interlayer coupling, optical
interconnect.

I. INTRODUCTION

HOTONIC interconnects have shown their potential to

satisfy the ever-growing need for large bandwidth, low
energy, and high data rates. As we move toward heterogeneous
multi-die integration within a single-package using 2.5D and
3D IC technologies [1], there is a need for within- and
off-package optical connectivity. As such, out-of-plane inter-
layer optical connectors, such as 45° mirrors, evanescent
couplers, and diffraction gratings, are potential candidates to
couple optical signals into and out of optical elements on the
package and bonded chips. Diffraction gratings are promising
because they can achieve relatively large interlayer distances,
and their planar geometries make them compatible with
integrated circuits and wafer-scale testing. One-dimensional
rectangular gratings are commonly used, and several methods
have been proposed to increase their diffraction efficiencies.
One method is to improve the radiation factor, e.g. engineering
grating materials, depth and period [2] as well as reducing
back-reflections by apodizing grating fill factors [3]. Another
method is to enhance the diffraction directionality, which
includes designing asymmetric grating profiles [4], incorpo-
rating adjacent-layer reflectors [5], and depositing high-index
overlayers [6]. Since the diffraction behavior of 1D/2D rectan-
gular gratings is governed by Floquet theory, specific grating
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periods have to be defined for particular material systems.
For a Si-based waveguide grating at around the 1.55 um
communication wavelength, relatively small grating periods
(~600 nm periods, ~300 nm grating ridges) are needed.
This requires high-resolution fabrication techniques, such as
e-beam lithography or deep UV lithography, which may
increase the fabrication cost. The methods used to increase the
directionality also add complexity to the fabrication process.
Furthermore, rectangular grating couplers are sensitive to mis-
alignment [7], which greatly impacts the cost and complexity
of the assembly, integration, and packaging processes as well
as the overall photonic interconnect performance.

To overcome these challenges, a pair of circular grating
couplers together with a high-index via [8] (GVG coupler)
is proposed to achieve interlayer optical coupling. The field
propagation and diffraction mechanism differ from those of
rectangular periodic gratings, and thus relatively wide grating
ridges can be used and there is no need to incorporate adjacent-
layer reflectors. At 1.55 um wavelength, the coupling effi-
ciency obtained from the circular grating-via-grating (GVG)
couplers (41% interlayer coupling efficiency, 64% single layer
efficiency for air-Si3N4-SiO, waveguides) are comparable to
those obtained from the optimized SOI rectangular gratings
with adjacent-layer reflectors (e.g. 69% single layer efficiency
with reflectors, 50% efficiency without reflectors [9]). Gener-
ally, it is challenging for a Si3sNy-based rectangular grating to
achieve such diffraction efficiency at 1.55 pm due to its rela-
tively small refractive index. With the circular grating design,
SizNy can be a competitive candidate for grating fabrication.
This is because SizNs has many advantageous properties
such as high optical transparency in the range of visible and
near-infrared (NIR), negligible nonlinear losses, high-quality
CMOS-compatible fabrication processes, and high material
stability. Circular gratings have been widely used in DFB and
DBR lasers [10], resonators [11], modulators [12] and fluo-
rescence emission [13]. However, the use of circular gratings
in optical interconnect applications has not been treated to the
best of our knowledge. In the next section, we will explore
this aspect in detail.

II. CIRCULAR GVG COUPLER MODEL

Figure 1 shows the structure in which relatively high-
index waveguides and a via are configured to couple optical
signals between layers separated by an air gap. This structure
can be implemented between two separate overlaid chips or
embedded within an on-chip interconnect stack. In the second
case, the air gap can be replaced by SiO,, which will cause
only small changes to the overall design presented here.

1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Schematic representation of the circular grating-via-grating (GVG)
coupling configuration. The GVG structure functions to interconnect two
layers separated by an air gap.

Either a TE; (E; = 0) or TM; (H; = 0) guided mode is
assumed to be introduced into the slab dielectric waveguide.
The longitudinal component H; or E,, denoted as y, satisfies
the wave equation. For a circular waveguide, the solution to the
wave equation is expressed in cylindrical coordinates as [14]

p(r,0,2)= D> Cylu(Bricos(yz)exp(jv), (1)

V=—00

where v is the cylindrical mode order, J, is the v-th order
Bessel function representing a radial standing wave, S is
the radial propagation constant, and y is the longitudinal
propagation constant (z direction) calculated as

y =/kin2 — B2, 2)

where kg is the free-space wave vector (ko = 27 /A, and 4 is
the free-space wavelength), and n,, is the refractive index of
the waveguide layer. The remaining tangential fields (E,, Ep,
H,, and Hp) can be expressed in terms of H; or E, through the
Maxwell curl equations in cylindrical coordinates. Of partic-
ular importance is the Ey field for TE polarization (¢ = H;),
whose direction is tangent to the cylindrical wavefront in the
circular waveguide. The Ey field is expressed as

Jouo
Eg =
132

The guided-mode wavelength A, of the v-th order mode is
defined as the difference between two consecutive zeros of
the function d[J,(Br)]/dr, denoted J,(Br), which describes
the radial variation of the Ey field [15] (Fig. 2). As a result,
Ay is larger at the center and approaches .y = 27/fo
at greater radial distances r, where l.ry and fo are the
effective wavelength and the transverse propagation constant
of a guided mode with a planar wavefront, respectively.

When the circular grating is present, the guided mode in
the circular waveguide will be perturbed but S will not be
affected, which differs from the case of a rectangular grating
whose horizontal propagation constants f; are modified by
the grating through the Floquet condition f; = fo — [K,
where / indicates the diffraction order and K is the grating

o . dlh(r)] .
Z CUTcos(yz)exp(]m?). 3)

V=—00
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Outer grating ridges

Inner grating ridges

Fig. 2. Circular grating ridge definition and in-plane ray reflection scheme
in a circular grating. The green arrows below the grating indicate a phase
change of 7, and the blue arrows indicate a phase change of 7 /2.

vector magnitude. This is because the radial fields in the
circular region, represented by J, (fr), are not periodic. Since
S is approximately equal to Sy (e.g. B ~ fo = 6.7609 um™!
given a 340 nm-thick air-Si3zN4-SiO> single-mode waveguide
at 1.55 um wavelength), £ is much larger than the wavevector
in the cladding (e.g. k. = kon, = 5.8778 ,um’1 for SiOy
cladding), and thus the longitudinal field Z(z) in the cladding
is evanescent, preventing circular gratings from emitting prop-
agating waves and behaving as efficient interlayer couplers.
Therefore, a high-index via needs to be incorporated between
the two circular gratings to provide an optical path for vertical
coupling (Fig. 1). The evanescent behavior in the cladding
makes it unnecessary to incorporate reflectors because all the
propagating light will only be present in the high-index via.
The circular grating can be divided into two regions. The
inner region is designed for field perturbation, and the outer
region serves as an in-plane circular distributed Bragg reflec-
tor. The arrangement of grating ridges is based on the ray
optics concept depicted in Fig. 2, and the phase changes
are indicated by the green (phase change of z) and blue
(phase change of 7 /2) arrows below the grating. Note that
the reflected light will experience a phase change of = when
it reflects from a medium of higher index and no phase
change when it reflects from a medium of lower index.
In the inner grating, the radially propagating waves (red rays)
constructively interfere if the inner grating periods A; satisfy

Ai = phy, “)

and the reflected rays 1 and 2 will be cancelled if the inner
grating ridge widths w; are

w; = %,1,,, )

where p and ¢ are arbitrary integers. For convenience, g is

set equal to p and thus w; = A;/2. The outer grating is

designed in such a way that the reflected waves (ray 3 and 4)

are enhanced, so the outer grating periods A, are defined as
s

Ao = Eiv, (6)
and the outer grating ridge widths w, need to satisfy
2t — 1
Wo = — Av, )
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Fig. 3. Cross-sectional views of the coupling structure. Horizontal

sections (a)-(d) are bottom waveguide, top waveguide, bottom grating, and top
grating, repectively. Vertical section (e) depicts all the layers of the interlayer
coupling structure.

where s and ¢ are arbitrary integers. According to the analysis
above, the grating period A and the grating ridge width w need
to be defined locally since 1, depends on the radial location.
As p, g, s and ¢ can be arbitrary integers, the grating ridges
can be relatively wide provided the interference conditions are
satisfied.

The cylindrical mode order v = 1 is chosen to
define 4, because of its 180° rotational symmetry. According
to Eq. (3), the field component exp(—jvf) with v = 1
has one nodal line. This field pattern will promote the field
coupling from the input waveguide to the output waveguide
with minimal loss along the nodal line. By defining the
grating ridges based on 1j, the other mode orders will be
suppressed since only the v = 1 order satisfies the interference
conditions. A thin layer of a low-index material is sandwiched
between the waveguide and the grating to enhance the in-
plane resonance. The field in the input waveguide can be
evanescent-coupled to the via and transported to the output
grating. The presence of the thin layer impedes the direct
propagation from the waveguide to high-index grating ridges
and forms another resonant cavity along the z direction. This
effectively allows more time for the light to interact with the
grating and further suppresses modes other than v = 1 order.
Since the light is initially launched from a rectangular slab
waveguide, a waveguide taper is used to convert gradually the
plane wavefront in the rectangular waveguide to the cylindrical
wavefront in the circular waveguide. The structure is less
prone to misalignment because it doesn’t follow the “sensitive”
Floquet condition.

III. RESULTS AND DISCUSSION

Figure 3 shows the cross-sectional views of the coupling
structure. Table I summarizes the values of parameters indi-
cated in Fig. 1. A full-wave simulation was performed using
3D FDTD. The waveguides and via are made of SizN4. The
low-index layer, made of SiO», is sandwiched between the
waveguide and the grating layer. The center grating ridges
are defined based on Eq. (4) and (5) by using p = 1,
and the minimum ridge width is 465 nm (period 930 nm),
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TABLE I
PARAMETERS FOR THE CIRCULAR GVG COUPLER

| Zeros * | r °(um) | or “(um) | Parameter ¢ | Value |
18412 | 02723 - Bo (um™ 1) 6.76
5.3314 0.7886 0.5162 tw (pm) 0.34
8.5363 1.2626 0.4740 ty (um) 0.34
11.7060 | 1.7314 0.4688 tenin (um) 0.1
14.8636 | 2.1985 0.4670 W (um) 10
18.0155 | 2.6647 0.4662 d (um) 4.7
21.1644 | 3.1304 0.4658 A (pm) 1.55
243113 | 3.5959 0.4655 ko (um_l) 4.05
27.4571 | 4.0612 0.4653 NSGigsNy © 2
30.6019 | 4.5263 0.4651 nsio, © 1.45
33.7462 | 4.9914 0.4650 konsisn, (umfl) 8.11
36.8900 | 5.4564 0.4650 VSig N, (,um_l) 4.47
40.0334 | 5.9213 0.4649 10} f(O) 33.5
43.1766 | 6.3862 0.4649 Dipner 8(m) 19.28
46.3196 | 6.8511 0.4649 Doyter E(um) 25.79
49.4624 | 7.3159 0.4648 OT outer h(um) 0.232
52.6050 | 7.7808 0.4648 Ninner * 10
55.7476 | 8.2456 0.4648 Noyter | 7
58.8900 | 8.7104 0.4648 D, q 1
62.0323 | 9.1752 0.4648 t, s 1
65.1746 | 9.6399 0.4648 a (°) 20

aZeros of Ji(x) = d[J1(x)]/dz, where x = (B8/p)r;
bLocations of grating falling/rising edges as shown in Fig. 2;

¢ Spacing between alternating ridge and groove;

d Parameters that specify the GVG structure are shown in Fig. 1;
¢n represents refractive index;

"Diffraction angle in the via ¢ = tan~'(v/B);

€ Inner or outer grating diameter;

" Quter grating ridge spacing;

! Number of inner or outer grating ridges

(@) (b)
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Fig. 4. Cross-sectional views of the H, field distribution. Horizontal
sections (a)-(d) are bottom waveguide, top waveguide, bottom grating, and
top grating, repectively. Vertical section (e) depicts the interlayer coupling.

which can be fabricated by photo-lithography. For the outer
grating, we set the values of # and s to 1 for demonstration
purposes. The inner and outer grating can be treated as a
second-order out-coupler and a first-order Bragg reflector,
respectively. Larger integer values of p, ¢ and s result in
wider grating ridges. Parameter optimization was done on
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Fig. 5. Wavelength sweep for the designed coupling structure and the
rectangular grating reported in [9].

via height d, low-index layer thickness #i,, and taper
half-angle a.

The cross-sectional H, field patterns are shown in Fig. 4.
A TE-polarized optical signal is launched from the top
waveguide and 41% of that power is coupled into the bottom
waveguide. Most of the power loss is due to the field that
is adjacent to the bottom waveguide taper which leaks out
of the resonant cavity, as shown in Fig. 4(a) and (c). There
is also a noticeable amount of back-reflection in the top
waveguide, which can be observed from the interference
pattern in the top waveguide in Fig. 4(b). A relatively strong
field intensity occurs at the junction where the optical signal
in the top waveguide reaches the high-index via region, and
the propagation angle ¢ in the via is about 33.5° approximated
by ¢ = tan~"'(y /B). The coupling distance is relatively large
(4.7 pm), which is designed based on the grating dimension
and propagation angle in the via. By varying the grating
dimension, various coupling distances can be realized. In the
current design, the height and the radius of the high-index via
are 4.7 um and 19.28 um, respectively.

The spectral response of the designed structure is shown
in Fig. 5. The coupling efficiency is relatively constant for a
wide wavelength range from 1.45 ym to 1.65 gm (+100 nm).
The oscillations in the single-layer and interlayer curves
are possibly due to constructive and destructive interference
effects. The efficiency eventually decreases at wavelengths
much different from the design wavelength (1.55 um). The
wavelength bandwidth for the designed structure is much
wider than that of conventional SOI gratings, e.g. 40 nm
bandwidth at 1 dB [9], which is also shown in Fig. 5.

IV. CONCLUSION

A vertical interlayer coupling structure (GVG) is designed
by using circular gratings and a high-index via. The coupling
structure is compact (~20 um inner grating diameter),
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efficient (41% interlayer coupling efficiency, or equivalently,
64% single layer efficiency), and viable over a wide wave-
length range. The grating ridges are relatively wide (>465 nm)
and no adjacent-layer reflectors are used, which greatly reduce
fabrication complexity and cost. Thus the GVG structure
represents a promising candidate for an interlayer optical
interconnect.
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