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Since the advent of three-dimensional photonic integrated circuits, the realization of efficient and compact optical
interconnection between layers has become an important development direction. A vertical interlayer coupler between two
silicon layers is presented in this paper. The coupling principle of the directional coupler is analyzed, and the traditional
method of using a pair of vertically overlapping inverse taper structures is improved. For the coupling of two rectangular
waveguide layers, a pair of nonlinear tapers with offset along the transmission direction is demonstrated. For the coupling
of two ridge waveguide layers, a nonlinear taper in each layer is used to achieve high coupling efficiency. The simulation
results show that the coupling efficiency of the two structures can reach more than 90% in a wavelength range from 1500 nm
to 1650 nm. Moreover, the crosstalk is reduced to less than —50 dB by using multimode waveguides at intersections. The
vertical interlayer coupler with a nonlinear taper is expected to realize the miniaturization and dense integration of photonic

integrated chips.

Keywords: silicon photonics, vertical coupling, nonlinear tapers, three-dimensional integration

PACS: 42.82.-m, 42.82.Et, 42.79.Gn

1. Introduction

Owing to optoelectronic integration technology ap-
proaching to the theoretical limit of Moore’s law, optoelec-
tronic integration technology with the advantages of high band
width, low loss and small size has become an important way of
implementing the future development.!!'=3! Silicon photonics
technology has been able to realize various optical devices on
the silicon-on-insulator (SOI) platforms, such as low loss opti-
cal waveguides, variable optical attenuators (VOA), multiplex-
ers, high-speed modulators and photodetectors. [*~71 It plays an
important role in the designing of integrated optical chip to
realize the transmission of optical signal among different de-
vices without interference. The designing of high-efficiency
interlayer coupler can develop the traditional planar technol-
ogy into three-dimensional compact integration.®! It breaks
the layout limitation of waveguide crossing between devices
on a single waveguide layer, thus greatly increasing the num-
ber of devices on the chip and promoting the development of
multilayer photonic integrated circuits.

Currently, the research on interlayer coupling is based

9-11

mainly on two methods: grating couplers!®'!! and adiabatic

12151 Tn the first way, the light can be trans-

taper couplers.!
mitted between different layers in a large distance of several
microns, but it needs to add metal mirrors on both sides to
achieve high coupling efficiency. Kang et al. proposed a pair

of grating couplers with a coupling efficiency of 22% at an in-

fCorresponding author. E-mail: wangliangl09 @semi.ac.cn
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terlayer spacing of 1 um."! And then they used Au as the ma-
terial for the metal mirrors, which can increase the coupling

(101 The technological process is relatively

efficiency to 83%.
complex, and the coupling efficiency is difficult to further im-
prove. In the second way, the high coupling efficiency can be
achieved, which can reach 100% in theory, but it is limited to
a small interlayer distance, which will increase the crosstalk
in other places where coupling is not expected to exist. In the
coupling structure a long and gradual linear taper is adopted
mostly, thereby increasing the size and cost of the chip. Sun
et al. achieved a low coupling loss of 0.20+0.05 dB by using
a pair of vertically overlapping inverse tapers when the inter-
layer spacing between the two silicon layers is only 200 nm
and the coupling length is longer than 30 um.!'?] Huang et al.
fabricated Si3N4 on SOI platform and achieved a less than 0.2-
dB transition loss spanning a 70-nm bandwidth. The thickness
of silicon dioxide between Si and Si3Ny is only 100 nm, and
the overlap length between two tapers is just 50 pm."3! Li er
al. reported a coupler consisting of a pair of vertically over-
lapping inverse taper structures made of Ge;3Sb;S7¢ glass, and
in the middle was a 550-nm-thick spin-coating epoxy (SU-8)
layer. The average insertion loss was 1.1 dB (single coupler)
and 2.0 dB (double coupler) when the coupling length was
40 um."* Sacher ez al. focused on trilayer platform consisting
of two SiN waveguide levels integrated atop an Si waveguide
level. Two interlayer transitions create a large overall inter-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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layer separation between the topmost and bottommost waveg-
uides. The coupling lengths of Si—SiN1 and SiN1-SiN2 are
both not less than 70 pm. (13

In this paper, we design a vertical interlayer coupling
structure with nonlinear tapers based on two silicon layers. By
adjusting the shape of the tapers, the effective index of up-
per taper and lower taper change slowly near the intersection
point, so that high coupling efficiency can be obtained in small
size. For the coupling between rectangular waveguides, using
a pair of nonlinear tapers with an offset along the transmission
direction, high coupling efficiency can be achieved, while for
the ridge coupling structure, two nonlinear gradually broad-
ened nonlinear tapers are used in each layer. The results of the

finite-difference time-domain (FDTD) method show that when
the layer spacing is 300 nm and the coupling length is only
10 pm, the coupling efficiency of the two structures can reach
more than 90% in a bandwidth range from 100 nm to nearly
1550 nm. Table 1 shows a comparison of performance be-
tween the reported interlayer couplers fabricated on SOI plat-
form and the structures we will simulate. It can be seen that
the nonlinear taper structure is beneficial to making the taper
length shorter while keeping high coupling efficiency. In ad-
dition, we reduce the crosstalk by increasing the width at the
intersection of waveguides of different layers where coupling

is not expected to exist.

Table 1. Comparison of performance between reported interlayer couplers fabricated on SOI platform and our simulated structures.

Group Sun et al.® Huang et al.? Singaravelu et al. Maegami ef al.¢ This work
Optical layer 1 200-nm Si 220-nm Si 300-nm Si 220-nm Si 220-nm Si
Optical layer 2 200-nm Si 600-nm SizNy 600-nm S;N, 310-nm SiN 220-nm Si
SiO, layer (nm) 200 100 200 1000 300
Length (pum) 30 > 50 180 500 10
Efficiency (simulated) 99.5% - - > 95%. 99-2% (recta.ngular)
98.32% (ridge)
Coupling loss (dB) 0.20+0.05 <0.2 0.298 - -

aRef. [12], PRef. [13], °Ref. [16], IRef. [17].

2. Design principles

Optical transmission modes are coupled between two
waveguides close to each other, which is the characteristic of
directional coupler. The interlayer coupling structure can be
regarded as a vertical directional coupler. We can use the the-
ory of mode coupling to analyze the coupling process. Fig-
ure 1 shows the schematic diagram of the rectangular waveg-
uide directional coupler. The refractive index of the core is ny,
the refractive index of the cladding is n,, the width and height
of the waveguide are a and b respectively, and the spacing is d.
The optical wave fields with propagation constant k in perfect
waveguides 1 and 2 can be expressed as

El :El (xay) eiiklzv Hl :Hl (x7y) eiiklzv (1)
Ey=E>(xy)e ™ Hy=H,(x,y)e " (2)
Assuming that the light wave is input from waveguide 1,
when the transmission mode is coupled between two identi-

cal waveguides (k; = k), it can be deduced from the coupled
mode theory that the coupling efficiency depends on the cou-

pling coefficient x: 8]
P, (z) ")
T= = sin“(Kz), 3
in which!!”!
2pk2epid
= S )

K= ——F"5—5+,
akz(’@%"’[’;%)

where k, is the propagation constant of the waveguide mode
along the x direction, p, is the attenuation coefficient along
the x direction, and k; is the propagation constant along the z

direction.
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N
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Fig. 1. Schematic diagram of rectangular waveguide directional coupler.

It can be seen that optical wave oscillates in two waveg-
uides and the coupling coefficient decreases exponentially by
increasing d. Other factors in the formula are related to the
width and height of the waveguide. From the derivation in
Ref. [19] it can be seen that the decrease of a and b will lead
the value of x to increase. The minimum coupling length L
necessary for complete transfer of power from one to the other

is expressed as
L=mn/(2x). &)

The schematic diagram of the common interlayer coupling
structure with a pair of linear tapers is shown in Fig. 2. Com-

pared with the traditional directional coupler with two adjacent
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parallel waveguides, this method provides a greater tolerance
for the effective index matching between two layers. However,
in order to achieve high coupling efficiency, the taper structure
should satisfy two conditions: the coupling length needs to
be long to ensure that the light wave can be coupled adiabati-
cally between layers; and the appropriate tip width needs to be

[12] When the coupling

selected to reduce the scattering loss.
structure is applied to three-dimensional photonic integrated
circuits, the distance between layers needs to be controlled to
reduce unnecessary crosstalk, and the length of taper needs to
be longer, which undoubtedly increases the difficulty in minia-

turizing the design of coupling structure.

Top waveguide

Bottom waveguide

Fig. 2. Schematic diagram of common interlayer coupling structure with a
pair of linear tapers.

In order to reduce the size of the coupling structure, taper
is designed to be nonlinear. The tip of the taper has a small
slope, which is designed to reduce the effective refractive in-
dex mismatch in the coupling region. The change from the
narrow width to wide width can be expressed as a function
given below:

W:W1+F(Z)(W2_W])7 (OSZSI)a (6)

where W and W, are the starting width and the ending width
of the taper, respectively. The function F(z) is used to de-
scribe the change of width with position z, which is illustrated
in Fig. 3(a).

(a) (b)

—_—

z=1

%% m=1 m =2 m=3

Fig. 3. (a) Description of shape function F(z), and (b) shape of taper for
m=1,2,and 3.

The width of the taper tip is W;, and then we use the power

function
F(z)=27" (7)

to control the shape of taper, so that the width near the in-
tersection changes slowly. The shapes of taper with different

values of m are shown in Fig. 3(b).

3. Simulation and analysis

We have improved the coupling structure for the TE mode
of rectangular waveguide and ridge waveguide respectively,
which will greatly shorten the length of taper and reduce the
size of chip. The proposed interlayer coupling structure is fab-
ricated on an SOI substrate. The material of the upper waveg-
uide and the lower waveguide are both Si (n; ~ 3.47), and an
Si0; (np ~ 1.45) layer is grown in the middle. Owing to the
high refractive index of Si, the light wave can be limited within
the waveguide with a very small width, which will also reduce

the size of the whole chip.

3.1. Rectangular waveguide vertical coupler

Figure 4 shows the coupling structure between two layers
of rectangular waveguide. The thickness of the two Si lay-
ers is Hy = H, = 220 nm, and the width of the rectangular
waveguide is 400 nm. The gap between the SiO, interlayers is
300 nm, thereby reducing the crosstalk. The curve of effective
index versus rectangular waveguide width is shown in Fig. 5.
The top x axis and the bottom x axis correspond to the width
of the upper waveguide and the lower waveguide, respectively.
Because the matching condition of coupling can be satisfied
only at the intersection point, the effective index near the in-
tersection point is required to change very slowly, so that the
light wave has enough time to couple from the lower waveg-
uide to the upper waveguide. For a linear taper, this requires
a very long length. If the change rate of the width away from
the intersection is increased appropriately in the case of small
scattering loss, the length of the whole taper can be reduced. In
addition, the width of the waveguide near the tip changes more
slowly, which is more conducive to coupling, so we introduce

an offset to make the intersection closer to the tip.

z (a)

[Si
|<y p ¥

Waveguide 2

!
Offset
Fig. 4. Coupling structure between two layers of rectangular waveguide.

(a) Three-dimensional view, with inset showing cross-section of waveguide
geometry, and (b) top view and side view of the structure.

' L
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Width of upper waveguide (nm) taper versus tip width. If the tip width W, is too narrow, more
or . or )
2490 350 300 220 200 4 energy is radiated to the cladding, resulting in large radiation
loss. If it is too wide, the coupling structure tends to be a direc-
2.2 12.2 « tional coupler, which requires no deviation from the effective
< = index of the waveguides, resulting in the difficulty in fabricat-
= =
5 2.0 12.0 ¢ ing. According to the simulation results, we finally determine
> e
bS :; that the value of m, W, and offset are 3, 0.24 um, and 1 um
9] o . . . . .
E 1.8 11.8 @ respectively, and the maximum coupling efficiency is 99.2% at
1590 nm. The intensity distribution of TEO mode transferring
1.6 31.6 into the coupler, simulated by the FDTD method, is shown in
200 250 300 350 200 Fig. 7. It can be seen that the optical power is transferred from
Width of lower waveguide (nm) one waveguide to another through a very short length.
Fig. 5. Effective index versus width of lower waveguide (black line) and 1.00
effective index versus width of upper waveguide (red line) of rectangular > ’
taper. g 0.95f
e
1.0 — 2 0.90f
(a) T i - E’q_:‘)
z 09 -~ _ -7 o 0.85
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0.80 : . . 0 g
200 240 280 320 360 2 0.95¢
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&
Fig. 6. (a) Variations of coupling efficiency with wavelength for three values :D 0.90}
of m, and (b) coupling efficiency versus width W; (blank line), and transmis- k=
sion loss versus width W; of taper (red line) with tip width being 1550 nm. ey
g 0.85}
O | °
o -
200 250 300 350 400
D (nm)
o —
= z //
) 7
g 7 7
& y
8§ 10 12 14 16 18 20 o Vi
) —Ay =50 nm
y (pm) =
= = =Ay=-50 nm
Fig. 7. Simulated intensity distribution of TEO mode transferring into rect- g* Az =50 nm
angular coupler. 3 — —Az=-50 nm
A=0

Figure 6(a) shows the variations of coupling efficiency

1.50 1.55 1.60 1.65

with wavelength for three values of m. As mentioned before,
Wavelength (pm)

with the increase of m, the width of the intersection attachment
Fig. 8. Influence of (a) width of waveguide; (b) height of the upper silicon

changes more gently and the coupling efficiency is higher. Fig- layer; (c) gap width; (d) relative position error on coupling efficiency of
ure 6(b) shows the coupling efficiency and transmission loss of rectangular coupling structure.
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3.2. Ridge waveguide vertical coupler

Owing to the large effective index of ridge waveguide, the
constraint of optical mode is stronger. If the above structure is
still used in the ridge waveguide coupling, its high coupling
efficiency cannot be achieved. The diagram of the coupling
structure by using two nonlinear tapers of 5 um in length is
shown in Fig. 9.

%

Waveguide 1

(a)

Slo? Nonlinear taper;

Waveguide 2

Nonlinear tapers

{H,

81ab2:lIIIIIIIIIIIIIIIIIIIIIIIII—
i D

Slab1

=

by
~
%)

Fig. 9. Diagram of ridge coupling structure composed of two nonlinear ta-
pers, showing (a) three-dimensional view, with inset exhibiting waveguide
geometry, and (b) top view and side view.

1.00 0.10
(a)

0.95} 40.08
10.06
0.90
10.04

Transmission loss

10.02

Coupling efficiency

160 200 240 280
W; (nm)

0.98f

0.96f

0.94r

Coupling efficiency

0.92r

0.90 . . y
320 360 400 440

W, (nm)

Fig. 10. (a) Curve of coupling efficiency (black line) and transmission loss
(red line) versus W;, and (b) curve of coupling efficiency versus W;.

The width of the ridge waveguide with a 70-nm-thick slab
is 500 nm. The m values of the two tapers are 2 and 3 respec-
tively, in order to prevent the optical power from oscillating
between the two layers due to their similarity in structure. The
coupling efficiency and transmission loss of the first taper (the

width of which changes from W to W;) vary with tip width
W, are shown in Fig. 10(a). It can be seen that the maximum
coupling efficiency is obtained when W; is 0.22 um and the
transmission loss of the first taper is less than 1%. When the
light starts to enter into the second taper (the width of which
changes from W, to W;), the power is only half of the original
value, and the change of width is smaller than the counterpart
of the first taper, so the loss of this part can be ignored. Then
we need to determine the width W; of the second taper after
having been widened. As shown in Fig. 10(b), the coupling
efficiency increases with the value of W; increasing, because
the effective indices of two layers get closer. When W; ap-
proaches to the width of the waveguide, the coupled optical
modes may come back to the situation similar to the direc-
tional coupler, which is unconducive to providing processing
tolerance. Finally, we determine W; to be 0.38 um after hav-
ing been compromised, and the maximum coupling efficiency
is 98.32% at a wavelength of 1580 nm. Figure 11 shows the
simulation results of the coupling process.

1 3 5 7 9 11 13 15 17 19
y (pm)

Fig. 11. Simulated intensity distribution of TEO mode transferring into the
ridge coupler.

We also analyze the tolerance of this structure. It can be
seen from Fig. 12(a) that the influence of waveguide width er-
ror on coupling efficiency is smaller than that of rectangular
waveguide. It is worth noting that the etching depth should be
adjusted according to the thickness of the upper silicon layer to
keep the thickness of the slab unchanged. Figure 12(b) shows
that the change of the thickness of the slab will seriously affect
the coupling efficiency, because it has a great influence on the
effective index of the ridge waveguide, resulting in the mis-
match between the propagation constants of the upper layer
and the lower layer. As simulated in Fig. 12(c), the ridge cou-
pler is very sensitive to the gap between two layers, and the
coupling efficiency will decrease rapidly with the increasing
of the gap. When the interlayer spacing increases to 350 nm,
the coupling efficiency at a wavelength of 1550 nm is only
about 75%.
uide, more amounts of power travel in the waveguide, leading

Owing to the strong constraint of ridge waveg-

the px to become larger, which makes the effect of D more
obvious. Figure 12(d) shows that the effect on the coupling
efficiency can be ignored, when there is a 50-nm error in the x
or y direction.
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Fig. 12. Influence of (a) width of waveguide, (b) height of the upper silicon layer, (c) the gap, and (d) relative position error on coupling

efficiency of ridge coupling structure.

3.3. Crossing design

In three-dimensional integrated circuits, it iS necessary
to consider how to reduce the crosstalk at the intersection of
waveguides distributed in different layers. Increasing the dis-
tance between layers is a most effective method, but it will
lead to large coupling size. As shown in Fig. 13, we use the
taper with a length of L; to extend the waveguide width W,
thereby increasing the optical confinement. However, the cou-
pling length at the intersection increases with the width of the
waveguide increasing, which results in more crosstalks. The
optimal width needs to be investigated through the simulation

to reduce crosstalk.

y

Wm

Fig. 13. Schematic diagram of cross structure with multimode waveguides.

It can be seen from Fig. 14(a) that the crosstalk between
rectangular waveguides decreases with the value of Wy, in-
creasing. When the value of W, increases from 800 nm to
1000 nm, the crosstalk does not decrease significantly. At the
same time, in order to reduce the scattering loss, the larger
value of L is required. Finally, we determine the width of
the multimode waveguide to be 1 pm. The crosstalk is re-
duced by at least 10 dB compared with that of the single mode

waveguides. Because the ridge waveguides are more difficult

to couple, even if the intersection is not widened, the crosstalk
is very small as shown in Fig. 14(a). When Wy, is 0.8 um, the
crosstalk at 1550 nm is less than —55 dB, and the bandwidth
below —50 dB is greater than 100 nm.

—30
—— Wy, =400 nm (a)
—35F ---- W, =800 nm
m —40
< L i
= —45p -
Eﬁ P— —_ .
£ —50F - - W, =600 nm E
S —-— Wy =1000 nm Lo
6 —55T e e e oL L.
B -
—60F S .
— 5 1 1 1
1.45 1.50 1.55 1.60 1.65
Wavelength (pm)
—40
— W, =500 nm (b)
— — W, =800 nm
m ~45r- - - W, =1000 nm
=
2
= —50
s
@
o
ot
O —-55

150 155  1.60
Wavelength (pm)

0
1.45 1.65

Fig. 14. Crosstalks of (a) rectangular waveguides and (b) ridge waveguides
with different widths at intersections.

4. Conclusions

According to the influence parameters of the coupling co-
efficient of the directional coupler, the rectangular waveguide

vertical coupler and ridge waveguide vertical coupler between
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two silicon layers are designed and optimized. Nonlinear ta-
pers are used to reduce the length of the coupling structure.
The simulation results show that when the layer spacing is
300 nm and the coupling length is only 10 pum, the coupling
efficiency of the two structures can reach more than 90% in the
bandwidth of 100 nm at a wavelength of nearly 1550 nm. The
crosstalk is less than —50 dB by using multimode waveguide
atintersection. With high efficiency and small size, the vertical
interlayer coupler with nonlinear tapers is expected to be used
in compact three-dimensional integrated photonic circuits.
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