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Abstract. We present an all optical approach allowing the realization of
microscale logic exclusive or (XOR) gate based on special interferom-
eter configuration. The operation device includes two close optical
waveguides realized on a silicon chip. A thin metallic layer of a few na-
nometers that separates the two waveguides causes a relative phase
shift of 7 between them. The structure performs interference of the two
input beams while demonstrating XOR logic gate operation at the ampli-
tude of the resulted output. The logic operation is realized after small
propagation distance of <1.8 um. © 2009 Society of Photo-Optical Instrumentation

Engineers. [DOI: 10.1117/1.3156021]

Subject terms: logic devices; integrated optics; interference; optical circuits.

Paper 080911RR received Nov. 21, 2008; revised manuscript received Apr. 30,
2009; accepted for publication May 4, 2009; published online Jun. 24, 2009.

1 Introduction

Photonic data processing and especially photonic devices
integrated on silicon chips are becoming a major trend in
the world of science and engineering in recent years. This
evolution was urged by the microelectronic devices that are
reaching their performance envelope and by the fact that
the links for the information transmission (i.e., the fibers)
use an optical carrier anyhow. Therefore, interfacing those
links with photonic modules capable of having faster pro-
cessing rates and improved immunity to noises is very de-
sirable. All-optical photonic devices and logic gates have
been proposed before. The operation principle is based on a
nonlinear process, such as two and four waves mixing.l*3
Those devices can be in various types of substrates.” Be-
cause microelectronic circuits are realized on silicon chips,
the silicon wafers deserve special attention. In silicon, non-
linear operation is realized using nonlinear effects, such as
two-photon absorption,5 plasma dispersion effect,® or para-
metric gain.7 The realized all-optical devices are usually
ring resonators or Mach—Zehnder interferometers.® Other
available devices include slow light modules,’ wavelength
converters, ! pulse shaping,lz’13 and  all-optical
switches."* Sometimes nonlinear operations as logic gates
can also be realized using linear effects as interference if a
small number of modules is to be cascaded."

In this paper, we present a novel concept of a miniatur-
ized interferometer used to realize an all optical logic ex-
clusive or (XOR) gate. The logic operation of XOR is very
useful for encryption of information in optics communica-
tion. The novelty is in the interference configuration. The
proposed device contains two wave-guiding cores in silicon
separated by a very thin layer of metal having a width of
~16 nm. Because of this layer, the light that is coupled
from one core to the next has a relative phase shift of .
This shift is used for the realization of the interference
yielding the logic operation. The main advantage of the
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proposed device is its small interaction length. The all op-
tical logic XOR gate is realized within interaction length as
small as 1.7 pwm in length.

In Sec. 2, we present the methodology used for design-
ing and simulating the proposed device; the theory and the
physical modeling is described in Sec. 3. Numerical simu-
lations are presented in Sec. 4, and the paper is concluded
in Sec. 5.

2 Methodology

We performed the design and numerical investigation of the
proposed device using R-Soft and COMSOL Multiphysics
simulation software. R-Soft relies on the finite difference
time domain (FDTD) method. The FDTD approach is
based on a direct numerical solution of the time-dependent
Maxwell’s curl equations. COMSOL Multiphysics is a
well-known and proven commercial software that solves
the partial wave equation via the finite element method.

Our simulations were preformed for an optical wave-
length of A=1.5 um. We solved a 2-D TM mode for the
general structure and correlated the results with a full 3-D
modeling. Obviously, reducing the optical wavelength re-
sults with reduction in the dimensions of the proposed de-
vices.

3 Theory and Modeling

It is a known fact that a structure built out of two identical
slab waveguides with a subwavelength separation transfers
the light between the two waveguides with a constant phase
shift of 7/2."® The spatial periodicity of the power transfer
between the two waveguides depends on the magnitude of
the wavenumber k=27/\ with N\ being the optical wave-
length in the waveguide. The first complete crossing of
power from one waveguide to the other occurs when

z=L,=m/2k, (1)

where L, is the normalized coupling length.
The waveguiding structure that we propose is made out
of two silicon waveguides each 0.2 um wide and a metal of
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Fig. 1 Phase-locking phenomenon: while tunneling is being pre-
formed, the phase difference between the two channels is starting
from 7r/2, which corresponds to regular coupled mode structure and
at the end of the device the two single modes are propagating si-
multaneously while the phase difference is locked to .

16 nm wide etched between them. The refractive index of
the metal has both real and imaginary parts, where the real
part changes the phase of a signal and the imaginary one
causes absorption.

According to the coupling mode theory,16 when we con-
fine light at one input there is a coupling between the two
waveguides, such that after normalized coupling length the
energy is divided between the two waveguides according to
the metal width, while the phase shift between the light
guided in the two waveguiding cores is . For z>L, we
will see in each waveguide a propagation of a single-mode
beam without any energy crossing between them and with a
locked relative phase. The energy across the longitudinal
Z-axis will remain constant after the normalized coupling
length. This effect may be well seen in the simulation of
Fig. 1, which was realized using the COMSOL Multiphys-
ics 3-D model. Figure 1 presents the discussed phase lock
phenomenon.

For the simulations, we chose a typical optics commu-
nications carrier wavelength of Ay=1.55 um. One can see
that at z=A=430 nm, the contrast between the channels is
high because the tunneling of the energy is yet to be com-
pleted. The phase shift is /2, which is similar to the phase
shift obtained in the regular coupled mode structure. At z
=2\, the energy tunneling is almost accomplished and an
equilibrium is about to be established while the relative
phase shift is already 37/4. After a propagation distance of
z=4\, the tunneling has been accomplished, the energy is
equally divided between the two channels, and the relative
phase shift is now being set to 7. After the phase shift has
reached 7, no more energy is being lost through the metal
and the energy the across Z-axis remains constant.

Note that although the thin metal layer creates the
phase shift effect, it also inserts some energetic attenuation.
From the numerical investigation that we have performed,
we obtained that there is a loss of 37% of the energy in
comparison to an air gap of 16 nm positioned between the
two waveguides.
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Fig. 2 Scheme of the all-optical logic XOR gate. The blue rect-
angles are 200X 450 nm silicon waveguides, a 16 nm metal is
etched in-between, along length of 1.7 um; it is marked in red. The
output signal is obtained at the last 0.5 um, where a continuous
silicon waveguide is established along y axis with no metallic per-
turbation. The structure is surrounded by air gaps on top and sides
and SiO, at the bottom. Ports A and B are inputs while ports C and
D are temporary outputs. The output port is obtained at the top end
of the structure.

4 Numerical Simulations

The schematic structure of the proposed XOR gate device
is depicted in Fig. 2. Two single-mode silicon (with refrac-
tion index of n=3.48) waveguides with 200X450 nm
cross-section are coupled through a 16 X450 nm high ab-
sorbing material. We modeled the metallic slot by real and
imaginary refractive indexes n=5-6; that can, for instance,
be realized via cobalt or platinum at 0.8 eV."” The clad is
taken as 500-nm air gaps on both sides and top of the
silicon waveguides. The substrate is a 500 nm SiO, (with
refraction index of n=1.48). A selectively dense meshing is
assigned at the slot and slot interface to sample the metallic
perturbation according to Nyquist-Shannon sampling theo-
rem. The length of the proposed device is 1.7 um. The
output ports are coupled to a 416 X450 nm multimode sili-
con waveguide with no metallic perturbation. Please note
that the energy in the simulation is guided in the x-axis.
According to the operation principle that has been de-
scribed, the coupling of optical signal to input A generates
the propagation distribution as shown in Fig. 1 (i.e., even-
tually its energy is coupled to the right waveguide with
relative phase shift of 7). The amplitudes at output ports C
or D will be equal. By symmetry considerations, the input
signal at port B will lead to the same output at ports C or D
as the input at A.

For the case when we input energy at both input ports A
and B (inputs with equal amplitudes), the output energy
obtained at output ports C or D depends on the relative
phase shift between the two inputs: if the phase shift is
zero, then both output ports will show zero energy [see Fig.
3(a)]; if the phase shift is 7 [see Fig. 3(b)], then the energy
at both output ports will be equal. The output of our XOR
gate device is coupled to the multimode silicon waveguide
at the end. High energy is obtained at C or D when inputs
A and B differ from each other at their amplitudes and have
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Fig. 3 Numerical characterization. (a) Same energy at ports A and
B. Both inputs have equal phase. The energy at the output is zero.
(b) The same energy at the inputs while the phase shift is 7. Most of
the energy is transferred to the output. The losses can be controlled
by the width of the metal and the structure of the device.

the same phase. When both inputs A and B are equal (e.g.
both are 1 or both are 0) the obtained output will have low
energy (as summarized in Table 1).

Figure 4 shows how the phase between a source and
victim waveguides depends on the metallic slot conduc-
tance. A single port is active (source) and the other port
(victim) is idle. As tunneling occurs, the graph reveals how
the phase at the end of the all-optical XOR logic gate
changes between the source and victim channels. To reach
full modulation (i.e., constructive/destructive interference),
a phase difference of 7 should be manifested. Therefore, a
proper conductance should be selected according to

n=n,+jn;, (2)

where n is the complex refractive index with n, and n;
being its real and imaginary (absorption) parts, respec-
tively. Using Eq. (2), one may obtain €,, which is the rela-
tivistic static permittivity,

e"=2n,n;. (3)

. 2 2
e,=¢ +je", &' =n,—-n;j,

The metal conductivity o can be defined as follows:
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Table 1 XOR logic state tables. The indicated numbers are the am-
plitude and the phase in each case. Ports A and B are the input
ports. Ports C or D may be used as our outputs.

Amplitude input

Port A Port B Port C Port D
0.0° 0.0° 040° 040°
0.40° 140° 0.2526 0.254 60+
120° 040° 0.2524 6+ 0.2526
120° 140° 040° 040°
Phase input

Port A Port B Output amplitude
1,0° 1,0° 0
140° 14m 1
14 1,40° 1
14 147 0

o= weye", (4)

where w is frequency of light and g is the electric constant.

Basically, the realized device is a miniaturized interfer-
ometer while the thin metallic layer is used to produce the
desired relative phase shift of 7 needed for proper interfer-
ence between the two input ports.

Note that in order to manifest XOR logic, inputs A and
B should have the same phase and the logic operation ap-
plies upon its amplitude variations. Because only the output
amplitude realizes the XOR logic operation, the output of
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Fig. 4 Phase comparison between “source” and “victim”
waveguides for different complex value of the refractive index. The
solid line depicts the phase of the source output port at the end of
the device, and the dashed line shows the equivalent phase for the
victim waveguide. The graph shows the phase modulation depen-
dency on the metallic slot conductance. A full-phase modulation
A= can be achieved for imaginary part of refractive index of 6.
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the device should be connected to a detector and, in that
way, the output phase information will not have any effect.

Table 1 describes the all-optical XOR gate, for both am-
plitude input and phase input. This gate can work as fast as
the rate at which the input signals are modulated. The de-
vice itself adds a delay of 20 fs, caused due to its length
and the effective refractive index of the waveguide.

5 Conclusions

A miniaturized special interferometer configuration was
used to realize the all-optical logic XOR gate. The opera-
tion principle is based on an interesting effect in which a
thin conducting nanowire separating two silicon
waveguides causes the generation of relative phase shift of
7 after coupling between the waveguides. The operation
rate of the XOR gate is limited by the modulation rate of
the input signals with a latency of only 20 fs (the length of
the device is <1.8 um).

The device can be fabricated using conventional tools
used in the field of microelectronics. The fact that it is
generated on a silicon chip allows its integration with other
microelectronic processing circuitry. The small dimensions
of the proposed device may provide great benefit to fields
such as optics communication and data processing applica-
tions facilitating optical integrated circuits.
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