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All-Optical Logic Gates Based on Nonlinear Slot Waveguide
Couplers
Takeshi Fujisawa and Masanori Koshiba

Division of Media and Network Technologies, Hokkaido University, Sapporo 060-0814, Japan

A novel design of all-optical logic gates based on nonlinear slot waveguide couplers is
proposed. NOT, OR, and AND logic gates can be realized by simple single optical
directional coupler configuration. Strong polarization dependencies of slot waveguides are
effectively utilized for realizing polarization-independent optical directional couplers in
linear regime and polarization-dependent all-optical switches in nonlinear regime. All the
simulations performed in this paper are done for three-dimensional nonlinear channel
waveguide structures by using rigorous numerical schemes based on full-vector finite-

element method specially formulated for nonlinear optical waveguides.
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1. Introduction

Nonlinear optical devices have attracted considerable attention because of their applicability
for future high-speed all-optical signal processing devices.* A nonlinear optical directional
coupler is one of the most representative nonlinear optical devices and can be used for various
all-optical signal processing operations.? Extensive theoretical®* and experimental® researches

have been done in this field so far. One of the possible applications of these nonlinear optical



devices is a logic gate. All-optical logic gates using optical Kerr effect as a switching mechanism
have also been intensively studied theoretically. °*2 These nonlinear logic gates are promising
candidates for performing all-optically arithmetic operations. Some of the proposed logic gates

utilize a weak nonlinearity in the waveguide®*"!

and these devices can be easily cascaded.
However, because of weak nonlinearity, the device size is relatively large, and the structure
becomes complex. On the other hand, logic gates using strong nonlinearity have also been
proposed.’ #1912 These devices utilize a spatial soliton to manipulate light. Although the device
size is small, usually, it is difficult to cascade. Furthermore, almost all the simulations were done
in two-dimensional nonlinear slab waveguide geometries.”***2

In this paper, a novel design of all-optical logic gates using nonlinear directional couplers

based on slot waveguides®®*™*®

is proposed. NOT, OR, and AND logic gates can be realized by
simple single optical directional coupler configuration, and therefore, they are easy to cascade.
Strong polarization dependencies of slot waveguides are effectively utilized for realizing
polarization-independent optical directional couplers in linear regime and polarization-dependent
all-optical switches in nonlinear regime. All the simulations performed in this paper are done for
3-D nonlinear channel waveguide structures by using rigorous numerical schemes based on full-
vector finite-element method (FEM) specially formulated for nonlinear optical waveguides.***’
This paper is organized as follows. In section 2, we show that polarization-independent optical
directional couplers can be realized by using slot waveguides.”® In section 3, unusual nonlinear

switching properties of polarization-independent slot waveguide couplers and their applications

to all-optical logic gates are presented followed by conclusions in section 4.

2. Polarization-independent slot waveguide couplers



Slot waveguides were originally proposed for light confinement in the low refractive index
material surrounded by high refractive index materials. In the slot waveguide, low refractive
index material (slot region) is sandwiched by high refractive index materials as shown in Fig. 1.
In such waveguide geometry, the guided mode polarized to one of the major axis (in this paper,
x: quasi-TE modes) is strongly confined in the low-index slot region'*** because of the electric
field discontinuity between high refractive index and low refractive index materials, so light can
be strongly confined in the low-index slot region by total internal reflections. Since these modes
are truely guided modes, there are no confinement losses. Some optical devices such as ring
resonators based on slot waveguides were proposed as novel ultrasmall devices for future
integrated photonics.***>*%2° Of course, there exist guided modes for another major axis (y).
These guided modes (quasi-TM modes) have very different properties compared with quasi-TE
modes. By using these differences, it is possible to realize polarization-independent optical
directional couplers.

Here, we consider a slot waveguide coupler as shown in Fig. 1. Waveguide parameters for the
isolated slot waveguide are as follows: the refractive index of high index region and cladding are
taken as ny = 3.48 (Si) and nc = 1.46 (Si0,), respectively, the waveguide height h = 250 nm, and
wy = 200 nm. ws is the width of slot region and ns is the refractive index of slot region. The
distance between two cores is d and the operating wavelength is assumed to be 1.55 um. Fig. 2
shows the coupling length L. of the directional coupler based on slot waveguides with ws = 100
nm for d = 1.5 um as a function of ns obtained by using full-vector finite-element method
(FEM). We can see that the coupling length for quasi-TE modes is very sensitive to ns while
the coupling length for quasi-TM modes does not change much. This is because that for quasi-

TE modes, the electric field is strongly confined in the slot region and thus, the coupling length



for quasi-TE modes is strongly influenced by the value of ns. As a result, there is a crossing point
in the L. curves as shown in Fig. 2, at which coupling lengths for quasi-TE and TM modes are
identical. The values of L. and ns to achieve polarization-independent operation are 203 um and
ns = 1.41545 for d = 1.5 um. This condition can be simply tuned by structural parameters. Fig. 3
shows the normalized output powers in the incident slot waveguide of the coupler with ws = 100
nm, ns = 1.41545, and d = 1.5 um, as a function of propagation distance obtained by using finite-
element beam propagation method.*® Coupling lengths for both polarized modes are the same

and the polarization-independent operation is confirmed.

3. All-optical logic gates based on nonlinear slot waveguide couplers

3-1. Unusual switching properties of nonlinear slot waveguide couplers

Here, we consider a nonlinear slot waveguide coupler as shown in Fig. 1. All the waveguide
parameters and the operating wavelength are the same as in the previous section except the value
of ns. We assume that the material embedded in the slot region has Kerr-type nonlinearity, and

its intensity-dependent refractive index is given by

n, | E|?
ng =n_ [1+ | E

(1)

0
where n_ = 1.41545 is the linear part of the refractive index ns, n, [m*W] is the nonlinear
coefficient, E is the electric field distributions, and Z; is the free-space impedance. This coupler
acts as a polarization-independent coupler in linear regime. Fig. 4 shows the normalized output
powers in the incident slot waveguide of the coupler as a function of propagation distance for
n,P = 0.0012 pm?. Here, P is the optical power. For quasi-TE modes, the output is switched to

the incident waveguide because of phase mismatch induced by nonlinearity. However, for quasi-



TM modes, there are almost no changes in transmission characteristics compared with the linear
case (black dots in Fig. 3). Fig. 5 (a) shows the normalized optical powers in the bar and cross
ports of the coupler as a function of n,P at the propagation distance of 200 um (coupling length
in linear case). Here, bar and cross ports are the outputs of the waveguides for light incidence
and non-incidence, respectively. Intensity-dependent switching characteristics for quasi-TE
modes can be clearly seen. Surprisingly, for quasi-TM modes, there are almost no changes in the
transmission characteristics even when high intensity light is launched. This is quite unusual
because in the conventional nonlinear directional coupler, switching powers for both
polarizations are similar although they are polarization dependent.**® This strong polarization
dependence can be understood from the guided mode field distributions of quasi-TE and quasi-
TM modes as shown in Figs. 5 (b) and (c), respectively. In these figures, the dominant electric
fields (x and y components of electric fields, Ex and E,, for quasi-TE and quasi-TM modes,
respectively) are shown. We can see that the light is strongly confined in the slot region for
quasi-TE modes while for quasi-TM modes, the fields are spreaded into the cladding region.
Therefore, even if the guided mode with the same optical power is launched, a change in the
propagation characteristics of quasi-TE modes caused by the nonlinearity is significantly
different from that of quasi-TM modes resulting in strong polarization dependent switching
characteristics. If we use Si nanocrystals'® as a nonlinear material whose nonlinear coefficient n,
is four orders of magnitude larger than that of SiO,, the switching power is on the order of tens
of Watt. The switching power can be further reduced by optimizing structural parameters, for
example, larger separation of two cores (larger value of d) will reduce the switching power. If we
increase the value of d to 1.75 um, the value of ns to achieve polarization-independent operation

is 1.4376 for the same structural parameters. Coupling length in the linear regime for this



structure is 596 um. Fig. 5 (d) shows the normalized output powers in the bar and cross ports of
the coupler as a function of ny,P at the propagation distance of 596 um. We can see that the

switching power for quasi-TE modes is reduced to 1/3 of the previous structure. Although only

one structure adopted in Fig. 5 (a) is considered in this paper, the proposed coupler with reduced

switching power or structural parameters for easier fabrication can be designed using different

materials and different structural parameters in a similar way.

3-2. NOT gate

Here, we consider an all-optical NOT gate based on nonlinear slot waveguide couplers. The
schematic of the structure is shown in Fig. 6. In this device, there are one input port A and two
output ports C and D. A quasi-TM mode with the optical power P is launched from port A as a
signal light whose logical input state is denoted by Y;. The signal light is coupled to another
waveguide (port D) at the coupling length if no perturbations induced by nonlinearity are added
as shown in Fig. 7 (a). When a quasi-TE mode with the same optical power P which is above the
switching power is simultaneously launched from port A as a control light whose logical input
state is denoted by X;, the control light is not coupled to another waveguide and the optical power
of control light remains in the incident waveguide (port C) at the coupling length (see Fig. 5(a)).
If the optical power P is high enough to add perturbations induced by nonlinearity for the signal
light, the signal light will not coupled to port D because of phase mismatch and the output will
be inverted as shown in Fig. 7 (b). These input and output characteristics are summarized in
Table 1 in which logical output state in port D is denoted by X,. Logical state of X, is reversed
compared with logical state of X; showing the inverting operation, namely, when the control light

(quasi-TE mode) is not launched, the signal light is coupled to port D, on the other hand, when



the control light is launched, the signal light is not coupled to port D resulting in no outputs to
port D. Fig. 8 shows the normalized signal light powers in ports C and D, where the control light
is simultaneously launched to port A and the distance between input and output ports is 200 um
(coupling length in linear regime). The transmission characteristics of the signal light with
simultaneous control light incidence are calculated as follows. First, beam propagation
simulation is performed for the control light (quasi-TE mode) incidence. Next, beam propagation
simulation for the signal light (quasi-TM mode) is carried out using the field distributions of the
control light for calculating nonlinear refractive index distributions. This method is valid when
the instantaneous Kerr-type nonlinearity is considered. We can see that the output to port D is
switched to port C by increasing n,P. It means that by launching the control light, the output to
port D is inverted resulting in NOT gate operation. The switching power is increased compared
with the self-switching power of quasi-TE modes shown in Fig. 5 (a). This is due to the fact that
the quasi-TM mode is less sensitive to the refractive index change in the slot region. Figs. 9
show the field distributions of quasi-TM mode without quasi-TE mode incidence at the
propagation distance of (a) 0, (b) 100, and (c) 200 pm, respectively, for n,P = 0.005 um?
(corresponds to X; = 0). The incident field is coupled to another port and the output to port D is
“1” at 200 um (X, = 1). Figs. 10 (a), (b), and (c) show the field distributions of quasi-TM mode
with quasi-TE mode incidence at the propagation distance of 0, 100, and 200 um, respectively,
for noP = 0.005 pm? (corresponds to X; = 1). We can see that the launched field is not completely

coupled to port D and the output to port D is “0” at 200 um (X, = 0).

3-3. OR and AND gates



Here, we consider all-optical OR and AND gates based on nonlinear slot waveguide couplers
as shown in Fig. 11. In this device, there are two input ports A and B, and two output ports C and
D. The quasi-TE mode of the waveguide with the optical power P is launched to port A as one of
the logical input and the quasi-TM mode with the same optical power is launched to port B as
another logical input. The schematics of logical operations are shown in Fig. 12 and in the
following discussion, notations (X;, Yi) and (X,, Y,) are used for logical input and output of the
device, respectively. Here, X; and Y; are 0 or 1 corresponding to logical input to ports A and B,
respectively. X, and Y, are 0 or 1 corresponding to logical output to ports C and D. For (X;, Y;) =
(1, 0) input (only the quasi-TE mode is launched to port A), incident quasi-TE mode is not
coupled to another waveguide if the optical power P is above the switching power and the output
to port C is “1” as shown in Fig. 12 (a), namely, (Xo, Yo) = (1, 0). For (X, Yi) = (0, 1) input (only
the quasi-TM mode is launched to port A), incident quasi-TM mode is coupled to another
waveguide because of unusual properties of nonlinear slot waveguide couplers as described in 3-
1 and the output to port C is “1” as shown in Fig. 12 (b), namely, (X,, Yo) = (1, 0). For (X, Y;) =
(1, 1) input (quasi-TE and quasi-TM modes are launched to ports A and B, respectively),
incident quasi-TE mode remains in port C if the optical power P is above the switching power.
The output of quasi-TM mode depends on the optical power P. If the optical power P is high
enough to induce phase mismatch, the quasi-TM mode is not coupled to another waveguide as
shown in Fig. 12 (c), namely, (X,, Yo) = (1, 1). These input and output characteristics are
summarized in Table 2. As is evident from Table 2, ports C and D act as OR and AND gates,
respectively. Fig. 13 shows the normalized powers of quasi-TM modes in ports C and D as a
function of n,P, where the distance between input and output ports is 200 um. The output is

switched to port D for larger values of n,P as expected. Figs. 14 (a), (b), and (c) show the field



distributions at the propagation distance of 0, 100, and 200 um, respectively, for (X;, Y;) = (1, 0)
input and n,P = 0.006 um?. The incident mode is not coupled to another waveguide, resulting in
(Xo, Yo) = (1, 0) output. Figs. 15 (a), (b), and (c) show the field distributions at the propagation
distance of 0, 100, and 200 um, respectively, for (Xi, Y;) = (0, 1) input and n,P = 0.006 um?. The
incident mode is coupled to another waveguide resulting in (X,, Yo) = (1, 0) output. Figs. 16 (a),
(b), and (c) show the field distributions at the propagation distance of 0, 100, and 200 um,
respectively, for (Xi, Yi) = (1, 1) input and n,P = 0.006 um?. Here, only the field distributions of
quasi-TM mode are shown. Both modes are not coupled to their cross ports resulting in (Xo, Yo) =

(1, 1) output. It should be noted that although these logic gates are easy to cascade because of

21,22

their simple configuration, in some cases, wavequide type polarization controllers=4, mode

shape converters and amplifiers would be required to connect two logic gates. This can be a great

advantage compared with logic gates proposed in the past.

4. Conclusion

We have proposed a novel design of all-optical logic gates based on nonlinear slot waveguide
couplers. The proposed slot waveguide coupler acts as a polarization-independent coupler in
linear regime and shows the strong polarization-dependent switching characteristics in nonlinear
regime. By using these unusual characteristics effectively, NOT, OR, and AND logic gates can
be realized with a single directional coupler. Proposed logic gates are easy to cascade because of
their structural simplicity and the full 3-D optical waveguide structure is considered.

T. Fujisawa’s e-mail address is fujisawa@dpo?7.ice.eng.hokudai.ac.jp
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List of Table Captions

Table 1. Logical input and output characteristics of the structure shown in Fig. 6. Port D acts as

NOT gate for the input of quasi-TE mode.

Table 2. Logical input and output characteristics of the structure shown in Fig. 11. Ports C and D

act as OR and AND gates, respectively.

List of Figure Captions

Fig. 1. A slot waveguide coupler.

Fig. 2. Coupling lengths of the slot waveguide coupler as a function of ns for d = 1.5 um.

Fig. 3 Normalized optical power in the incident slot waveguide of the coupler with ws = 100 nm,

ns = 1.41545, and d = 1.5 um as a function of propagation distance.

Fig. 4 Normalized output powers in the incident slot waveguide of the coupler as a function of

propagation distance for n,P = 0.0012 pm?.

Fig. 5 (a) Normalized optical powers in the bar and cross ports of the coupler as a function of n,P
at the propagation distance of 200 um. Field distributions of linear guided (b) quasi-TE and (c)
quasi-TM modes of the slot waveguide. (d) Normalized optical powers in the bar and cross ports

of the coupler as a function of n,P at the propagation distance of 596 um with d = 1.75 um.

Fig. 6 NOT gate based on nonlinear slot waveguide couplers.
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Fig. 7 NOT gate operation. (a) X; = 0 input and (b) X; = 1 input.

Fig. 8 Normalized signal light powers in ports C and D, where the control light is simultaneously
launched to port A and the distance between input and output ports is 200 um.
Fig. 9 Field distributions of quasi-TM mode without quasi-TE mode incidence at the propagation

distance of (a) 0, (b) 100, and (c) 200 um, respectively, for n,P = 0.005 pm?.

Fig. 10 Field distributions of quasi-TM mode with quasi-TE mode incidence at the propagation

distance of (a) 0, (b) 100, and (c) 200 um, respectively, for n,P = 0.005 pm?.

Fig. 11 All-optical OR and AND gates based on nonlinear slot waveguide couplers.

Fig. 12 OR and AND gates operations. (a) (X, Y;) = (1, 0) input, (b) (Xi, Yi) = (0, 1) input, and (c)

(Xi, Yi) = (1, 1) input.

Fig. 13 Normalized powers of quasi-TM modes in ports C and D as a function of n,P, where the

distance between input and output ports is 200 pum.

Fig. 14 Field distributions at the propagation distance of (a) 0, (b) 100, and (c) 200 um,

respectively, for (Xi, Y;) = (1, 0) input and n,P = 0.006 um?.
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Fig. 15 Field distributions at the propagation distance of (a) 0, (b) 100, and (c) 200 pm,

respectively, for (X, Yi) = (0, 1) input and n,P = 0.006 um>.

Fig. 16 Field distributions at the propagation distance of (a) 0, (b) 100, and (c) 200 pm,

respectively, for (X, Yi) = (1, 1) input and n,P = 0.006 um?. Only the field distributions of quasi-

TM modes are shown.
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Table 1. Logical input and output characteristics of the structure shown in Fig. 6.

Port D acts as NOT gate for the input of quasi-TE mode.

Xi Yi Xo
0 1 1
1 1 0
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Table 2. Logical input and output characteristics of the structure shown in Fig. 11.

Ports C and D act as OR and AND gates, respectively.

xi Y| Xo Yo

0 0 0 0
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Fig. 1. A slot waveguide coupler.
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Fig. 2 Coupling lengths of the slot waveguide coupler as a function of ns for d = 1.5 um.
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Fig. 6 NOT gate based on nonlinear slot waveguide couplers.
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Fig. 7 NOT gate operation. (a) Xj = 0 input and (b) X; = 1 input.
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Fig. 9 Field distributions of quasi-TM mode without quasi-TE mode incidence at the propagation

distance of (a) 0, (b) 100, and (c) 200 um, respectively, for n,P = 0.005 pm?.
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Fig. 10 Field distributions of quasi-TM mode with quasi-TE mode incidence at the propagation

distance of (a) 0, (b) 100, and (c) 200 um, respectively, for n,P = 0.005 pm?.
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Fig. 11 All-optical OR and AND gates based on nonlinear slot waveguide couplers.
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Fig. 12 OR and AND gates operations. (a) (X, Y;) = (1, 0) input, (b) (Xi, Yi) = (0, 1) input, and (c)

(X, Yi) =(1, 1) input.
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Fig. 13 Normalized powers of quasi-TM modes in ports C and D as a function of n,P, where the

distance between input and output ports is 200 pum.
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Fig. 14 Field distributions at the propagation distance of (a) 0, (b) 100, and (c) 200 um,

respectively, for (Xi, Y;) = (1, 0) input and n,P = 0.006 um?.
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Fig. 15 Field distributions at the propagation distance of (a) 0, (b) 100, and (c) 200 um,

respectively, for (Xi, Yi) = (0, 1) input and n,P = 0.006 pm>.
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Fig. 16 Field distributions at the propagation distance of (a) 0, (b) 100, and (c) 200 um,
respectively, for (X, Yi) = (1, 1) input and n,P = 0.006 um?. Only the field distributions of quasi-

TM modes are shown.

49



