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A dynamical addressing device for optical interconnection based on one-dimensional
nonlinear photonic crystal made on the planar waveguide was designed and fabricated.
The dynamical interconnection is performed by controlling the power density of the
control light. In our device, when increasing the power density of the control light from
0 to 2.60 x 10° W/cm?, the angle of the signal beam can be changed by about 2°. This
kind of devices is promising for use in all-optical interconnection, optical information
processing and optical communication.
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1. Introduction

It has been about two decades since Goodman from Stanford University first
proposed optical interconnection for very large scale integrated circuits (VLSI)
technology.! Since then, a lot of approaches for optical interconnection have been
proposed.?? These can be classified into two types: passive and active. Passive
interconnections offer fixed paths for interconnected lights. However, active inter-
connection links are dynamic and can be reconfigured by controlling lights. In this
paper, a novel dynamical addressing device for optical interconnection based on
one-dimensional nonlinear photonic crystal is designed and fabricated.

The first paper on photonic crystals was published in 1987.* Photonic crystal
is a structured material whose dielectric constant exhibits translation symmetry.
Such symmetry produces the energy band and the forbidden energy gap. Photons
within energy gaps cannot propagate through the material. Based on this principle,
the novel light-guiding devices, such as waveguide, switch, and optical fiber can be
designed.>® Photonic crystals can be classified as one-dimensional, two-dimensional
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or three-dimensional,” and linear or nonlinear. In this paper, we designed and
fabricated a novel dynamical addressing device based on one-dimensional nonlin-
ear photonic crystal. It can be used for all-light information process and optical
communication.

2. Theory of One-Dimensional Photonic Crystal

The one-dimensional photonic crystal consists of alternated layer-type materials
with different dielectric constants, as shown in Fig. 1. Assuming that the layered
structure is periodic in the z direction and homogeneous in the y-z plane, the
refractive index n (z) of the photonic crystal is a stepwise function

n(z)=n1, 0<z<a
=ng, a<z<a+b, withn(z+mA)=n(x) (1)

where A = a+b is the period of the photonic crystal, m is an arbitrary integer and a,
b are respectively the thickness of the two different dielectric films. We assume that
the incident light is a harmonic wave, which propagates along the x direction. The
electric and magnetic fields at the two layers are connected to each other through
the boundary conditions at the interfaces. The electric vector E and the magnetic
vector H between the (m — 1)th and mth periods are described by the characteristic
matrix M of one primary period.®? For one-dimensional photonic crystal with N
period of layers, the characteristic transmittance matrix M™ can be obtained
N
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where F4 and H; are the total electric and magnetic fields at the interface between
the external medium with the refractive index n3 and the left end of the photonic
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Fig. 1. Schematic diagram of one-dimensional photonic crystal with the unit cell consisting of
two films with refractive indexes n;1 and na, and thickness a and b, respectively.
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crystal, as shown in Fig. 1; Eny1 and Hy 4 are fields at the interface between the
photonic crystal and the external medium at the another end, and
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where 81 = 2mnia/\, B = 2mn2b/N, Z1 = \/eo/on1, Z2 = \/eo/uone, and X is

the wavelength in free space.

3
I

When the one-dimensional photonic crystal is made up of two kinds of nonlinear
materials, whose refractive indices are respectively expressed as

n; = Nio + TLZ'QS, 1=1,2 (3)

where n;g is the linear refractive indices of two materials, n;s is the nonlinear refrac-
tive index coeflicient of the materials, and S is the light power density. Obviously,
refractive indices of these materials will change with a change in incident power den-
sity. Because the band gap is a function of the refractive indices of materials,” the
band gap of the photonic crystal will also change with a change in incident power
density. As a result, the characteristics of reflection and transmission in nonlinear
photonic crystal will also change with a change in incident power density.

3. Design and Manufacture of the Device

We designed and fabricated a dynamical addressing optical interconnection device
based on one-dimensional nonlinear photonic crystal, as shown in Fig. 2.

One-dimensional
photonic crystal

v

Waveguide

S

BK7 glass substrate

Fig. 2. Schematic diagram of one-dimensional nonlinear photonic crystal for dynamical address-
ing optical interconnections.
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Fig. 3. Band gaps of photonic crystal with two different power densities of the control light. The
solid line and the dashed line correspond to 0 and 2.60 x 10> W/cm?, respectively.

First, we fabricated a planar waveguide on the BK7 glass substrate using Ag-Na
ion exchange technique. The refractive index at the surface of the planar waveguide
is 1.61. Then we alternately deposited the nonlinear materials ZnS and ZnSe on
the waveguide to form a one-dimensional photonic crystal with 20 periods. The
linear refractive indices of ZnS and ZnSe are 2.4 and 2.7 respectively, and since
both are all self-defocus nonlinear materials, their refractive indices can decrease
with an increase in light power density. In the photonic crystal designed by us,
the nonlinear refractive index coefficients of the two materials are approximately the
same, —2.0 x 10~ m? /W, the period A of the photonic crystal is 300 nm, and the
thickness of the two films are 150 nm.

A control light beam is coupled into the planar waveguide to change the band
gap of the photonic crystal. In Fig. 3, we show the two band gaps with two different
power densities of the control light. The center of the two band gaps has maximum
reflectivity. The solid line corresponds to the power density near 0 W/cm?; the
dashed line corresponds to that of 2.60 x 10° W/cm?. When increasing the power
density of the control light, the band gap shifted to the short wavelength. In the
next section we will show this dynamic characteristic in detail.

4. Experimental Testing and Analysis

The experiment setup used to test the characteristics of the dynamical address-
ing optical interconnection based on one-dimensional nonlinear photonic crystal is
shown in Fig. 4. A mode-locked Ar-ion laser at a wavelength of 514.5nm and pulse
width of 300 ps is used as the light source. The repetition frequency of the laser
is 82 MHz. The laser beam is divided into two beams: signal beam and control
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The Device
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Fig. 4. Experiment setup for testing the characteristics of the dynamical optical interconnection
device in which S is a beam-splitter, and M; and M2 are the reflectors.

beam, by a beam splitter S. The signal beam is reflected by the reflector My, and
then reflected again by the one-dimension photonic crystal, until finally it reaches
the addressing plane. The distance between the plane and the incident point of the
signal light on the photonic crystal surface is L. The control light is reflected by the
reflector Mo, and then through an attenuator to be coupled into the planar waveg-
uide by the coupling prism, and onto the nonlinear photonic crystal to control the
reflected angle of the signal beam.

The control light in the planar waveguide can easily enter into the one-
dimensional photonic crystal because the refractive index of the surface of the
planar waveguide is smaller than that of the materials of the photonic crystal.
When the power density of the control light is low enough, the nonlinearity of the
photonic crystal can be ignored. We adjusted the angle #; and let it satisfy the
following Bragg condition:

2nAsinf; = g\ (4)

where n = (anig+bnao)/A is the effective index of the photonic crystal; a and b are
the thicknesses of the ZnS and ZnSe films, respectively; n1g = 2.4 and nog = 2.7 are
the linear refractive indices of ZnS and ZnSe, respectively; A is the period of the
photonic crystal; 6; is the angle shown in Fig. 4; X is the wavelength of the signal
light, and ¢ is the Bragg diffraction order. Assuming ¢ = 2, we obtain ¢; = 42.2°.
In this case, the signal light reached the point P; on the plane.

When increasing the power density of the control light up to 2.60 x 10° W /cm?,
we find that the point P; shifts down to Py on the plane. Therefore, the reflected
signal light is shifted in the angle of Af. Measuring the distance P1 P, = Ax,
OP; = x, we obtain x = 45cm, Az = 3cm, L = 50cm and Af = arctan((x —
Ax)/L) — arctan(x/L) = —1.957°.

We use Fig. 5 to explain the characteristics of the dynamical addressing process.
In this figure, 5, is the wave vector of incident signal light; 840 and (; are wave
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Fig. 5. Optical wave vectors for the dynamical addressing optical interconnection process.

vectors of diffractive signal lights corresponding to two different control light power
densities, respectively; ¢ K is the grating vector; and 6 is the Bragg diffraction angle.
When the power density of the control light is too low to consider as the nonlinearity
of the materials, the vectors 31, 840 and gK can satisfy the momentum conservation
law and form a closed triangle. From Eq. (4) we obtain

0 = —20; = —2arcsin(gA/2nA).

When the power density of the control light is increased, the angle 6 will become
0 + AH. Because the effective index of the one-dimensional photonic crystal n =
(ani0 +bnso)/A becomes n = (any +bng) /A, where ny and ng are given by Eq. (3),
we obtain

Af = —2%(arcsin(q/\/2n))
= gAAn[l — (gA/2nA)?] 712 /(n2A). (5)

In Fig. 5, vectors G40 and ¢K all decreased when increasing the power density of
the control light. The vector By is shifted to the angle Af to satisfy the momentum
conservation, as shown in Fig. 5. Assuming ¢ = 2, we obtain the relation of the
scanning angle of the signal light versus the increase in the power density of the
control light, as shown in Fig. 6. In the calculation, we assume the power density
is too small to affect the nonlinearity of the photonic crystal. The scanning angle
of the signal light A# is about —2.04° when the power density of the control light
is 2.6 x 105 W /cm?. This value is very near to that from experiment. Therefore, we
can conclude that the theoretical result is in good accordance with the experimental
one. Since the planar waveguide can be made very narrow, we can use lower power
to control the signal light.
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Fig. 6. Scanning angle of signal light versus the power density of the control light.

The switch time of the optical interconnection device is mainly decided by the
nonlinear responding time of the materials. The ZnS and ZnSe all have very fast
responding times (ns).1 So the switch time of the device is close to ns.

5. Conclusion

We have shown a novel dynamical addressing optical interconnection device based
on one-dimensional nonlinear photonic crystal. Two nonlinear materials of ZnS and
ZnSe are deposited alternately on a glass planar waveguide to form a nonlinear
one-dimensional photonic crystal with 20 periods. The reflected angle of the signal
light is controlled by the intensity of the control light. The device can scan about 2°
when increasing the power density of the control light by about 2.60 x 10> W/cm?.
This kind of all-optical controllable interconnection device has potential application
in high-speed optical information processing and optical communication.
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