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In this paper, self-phase modulation of an optical pulse using a new photonic crystal coupled-cavity
waveguide is simulated and analyzed. The structure of the new coupled-cavity waveguide is in-
troduced and its advantage over the previous type of coupled-cavity waveguide is discussed. In
order to obtain a high group index over a large bandwidth and benefit from the slow light phenom-
enon, the group index and group velocity dispersion parameter curves of the guided mode are cal-
culated. Finally, the transient simulation of the structure is performed using a finite-difference
time-domain method. The calculated required length of the coupled-cavity waveguide for a max-
imum phase shift of © is about 31 um. Spectral broadening of the optical pulse as a result of
self-phase modulation is also presented and discussed.
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1. Introduction

All optical processing has been of particular interest for optical communication and
computing systems. Different types of all optical devices have already been proposed
and implemented to achieve large bandwidth operations in optical systems [1-5]. All
optical devices are based on weak optical nonlinear effects. Therefore, such devices
need high operational powers and large interaction lengths. Photonic crystal (PhC) is
a good means to overcome such limitations. PhC is a class of artificial optical material
in which the refractive index changes periodically. Light beams within a specific range
of wavelengths and with specific polarizations are prohibited from propagation inside
a PhC. This specific range of wavelengths is called photonic bandgap.

Slow light phenomenon as an approach to enhance light-matter interactions causes
significant size reduction of nonlinear optical devices. Researches on this phenomenon
have been pursued in different media by many authors [6—8]. A PhC waveguide is
a device in which slow light has already been observed [9, 10]. The slope of disper-
sion curves of the guided modes in PhC waveguides tends to decrease at the edge of
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the Brillouin zone and therefore the slow light condition in this regime is achieved.
However, high group velocity dispersion (GVD) in this region limits the available
bandwidth and eliminates the advantages associated with the slow light phenomenon.
Nevertheless, in PhC waveguides with their geometrical flexibility, it is possible to cre-
ate slow modes in regions away from the edge of the Brillouin zone [11-13].

Coupled-cavity waveguides (CCWs) based on PhCs have already been investi-
gated [14—17]. In a CCW which consists of a chain of cavities to create a line defect,
light propagates down the waveguide via tunneling from one cavity to its neighboring
cavity. This process creates propagation of slow modes in such waveguides.

In this paper we first review the structure of the old PhC-CCW and illustrate its
limitation. Then, the schematic of a new PhC-CCW is introduced and its advantage
over the previous type of CCW is discussed. In Section 3, the group index and the GVD
of the appropriate guided mode of the new CCW is investigated. Next, according to
the results, the geometry of the waveguide is chosen so that a high group index over
a large bandwidth with low GVD is obtained. Finally in Section 4, self-phase modu-
lation (SPM) of an optical pulse by use of the designed slow light CCW as short as
about 31 um is observed. Such structure could be useful in the context of nonlinear
optics including fast intensity-based switches and soliton-based transmission systems.

2. Analysis of photonic crystal coupled-cavity waveguides

The structure of the old type PhC-CCW originally proposed by YARrIv et al. [18] and
followed further by SOLIACIC ef al. [16, 17], is shown in Fig. 1a. The structure is a pe-
riodic array of point defects which are mutually spaced by A, in a square lattice rod-
type PhC. An optical beam can propagate down the waveguide through tunneling from
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Fig. 1. The schematic of the old type of PhC-CCW (a). Dispersion curves of the guided mode for two
cases of A; = 2a; and A; = 4a,; (b). (Color online.)
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one cavity to its neighboring cavities. This process of propagation makes the group
velocity v, of the guided mode slow. Increasing the physical distance between the cav-
ities A, is the only approach to make the group velocity of the guided mode slower.
The dispersion curve of the guided mode for two cases of A, =2a, and A, =4a,
(a, is the lattice constant) is depicted in Fig. 1b. The refractive index of dielectric rods
embedded in air background is assumed to be 3.5. The radii of dielectric rods and cavity
rods (reduced-radius rods in the cavities) are taken to be ; = 0.25a, and | = 0.154,,
respectively. As it is seen, the size of the irreducible Brillouin zone (IBZ) for the case
of A, =2a, is twice that of the case of A; =4a, (IBZ, = 2IBZ,). Therefore, as it is
shown in Fig. 1b, the dispersion curve covers narrower range of frequencies when
A, =4a, (i.e. Awya,/2nc > Aw,a,/2nc). Consequently, decreasing the group velocity
by increasing the periodicity of the PhC-CCW lowers the size of the IBZ which, in
turn, reduces the accessible bandwidth.

The schematic of the new PhC-CCW is shown in Fig. 2a. The structure is based
on a square lattice PhC which consists of dielectric rods with refractive index of
3.5 embedded in air background. The radius of a row of dielectric rods is reduced from
r=0.25a (ais the lattice constant) to r. = 0.15a. The cavity rods are made by increasing
the radius of every third rod (A = 3a) in the two rows adjacent to the reduced-radius
rods. The radii of the cavity rods are indicated by 7 in Fig. 2a. The refractive indices
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Fig. 2. The schematic of the new PhC-CCW (a) and its corresponding band structure (b). The electric
field profile inside a super-cell of the structure (¢). (Color online.)
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of the rods are taken the same as that of the CCW shown in Fig. 1a. The band structure
of the new PhC-CCW and its six guided modes for TM polarization are shown in
Fig. 2b. This diagram is calculated using the finite-element method (FEM) by
COMSOL Multiphysics. The computational (unit) cell is shown in Fig. 2¢, where
the eigenfrequency analysis tool of the software is used to find the guided modes. As
it is clear, if the unit cell is repeated over the boundaries (arrows in Fig. 2¢), the whole
structure of the waveguide will be constructed. Hence, the periodic boundary condi-
tions are applied to the red boundaries in Fig. 2¢. We also use the normal predefined
mesh size of the software which generates 17568 elements in our computational cell.

As it is shown in Fig. 2b, guided modes 1 and 6 do not overlap with other modes.
Hence, intermodal dispersion can be avoided by choosing one of these two modes as
the operating mode. Moreover, as guided mode 6 has a lower group velocity than that
of guided mode 1, therefore, we choose guided mode 6 as the appropriate operating
mode to benefit from the advantages of slow light. The electric field distribution of
this guided mode in a super-cell of the structure is depicted in Fig. 2c.

The new PhC-CCW provides another approach to obtain slower modes without
reduction of the IBZ to avoid severely limited bandwidth. In this way, the slope of
the dispersion curve of the guided mode could be changed by modifying the radius of
the cavity rods r-as illustrated in Fig. 3. It is seen that the slope of the dispersion curve
of guided mode 6 is reduced by decreasing the radius of the cavity rods and therefore
the group velocity of the guided mode decreases. Hence, changing the radius of
the cavity rods can be a useful approach to adjust the group velocity to an appropriate
value.

At the end of this section, it should be noted that the new PhC-CCW shown in
Fig. 2a is a 2D rod-type PhC waveguide in which the rods are infinite along the z-di-
rection. Such a 2D structure has been taken for simplicity and also to compare it with
the rod-type PhC-CCW investigated by SoLJACIC et al. [16, 17], shown in Fig. 1a.
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Fig. 3. Dispersion curve of guided mode 6 for different radii of the cavity rods r. (Color online.)



Optical self-phase modulation... 33

However, from a practical point of view, the waveguides must have a finite thickness
along the z-direction. In such a case, hole-type waveguides which consist of holes in
a dielectric background, are preferable. Hole-type waveguides can reduce out-of-plane
losses by confining optical beam in the z-direction through total internal reflection.
The so-called propagating optical beams are transverse electric (TE) modes which are
located below the light line in the corresponding band structure. However, the main
feature of the new PhC-CCW shown in Fig. 2a is the kind of cavities which are con-
structed in such a way to be modified locally. Clearly, as a subject of a subsequent
investigation, one can preserve this main feature and apply it to design a hole-type
PhC-CCW to take its advantage (which was mentioned earlier in this section).

3. Guided mode analysis

In order to determine the appropriate geometric parameters of the structure for transient
simulation, guided mode analysis is done. The most important issue in slow light de-
vices is the value of group index (i.e., ny = c/v,). The calculated group index curves
corresponding to the guided modes of Fig. 3 are plotted vs. normalized frequency a/A4
in Fig. 4a. As itis seen, all the n, curves are in U-shape. It means that as the frequency
increases, first the value of n, decreases, then it stays nearly constant over a specific
bandwidth and finally it starts to increase at the edge of the IBZ. Figure 4a illustrates
that by decreasing the radius of the cavity rods, the value of n, in the constant region
increases and the guided mode slows down more. Furthermore, by decreasing the ra-
dius of the cavity rods, the bandwidth over which n, remains approximately constant,
decreases. Therefore, there exists an intrinsic compromise between the value of the group
index and the bandwidth.

It seems that the best choice is to create the largest value of group index for en-
hancing optical nonlinear effects. However, another important issue in the context of
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Fig. 4. Group index n, (a) and GVD parameter D (b) of guided mode 6 for different radii of the cavity
rods r¢. (Color online.)
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slow light devices is the GVD. Due to temporal broadening of optical pulses which
limits the bit rate in optical transmission systems, large GVD is generally undesirable.
Furthermore, as another consequence of temporal broadening, the peak intensity of
pulses is reduced and it removes the enhancement of nonlinear effects expected from
the slow light pulse compression [19].

The GVD parameter D of a guided mode is obtained as follows [20]:

27c 82k
D, =~ (D)
4 2 o

where ¢ is the light speed in vacuum and k is the wave vector. The calculated
GVD parameter of guided mode 6 for different radii of cavity rods is shown in Fig. 4b.
As it is shown, for larger values of 7 there is a bandwidth within which the GVD pa-
rameter is nearly zero. This condition corresponds to the constant , region of Fig. 4a.
As the radius of the cavity rods decreases, the value of the group index increases and
the corresponding bandwidth of low GVD region is reduced consequently.

According to Figs. 4a and 4b, in order to have a large group index and at the same
time low GVD, the radius of »-= 0.394 is selected for the cavity rods. In this case,
the value of group index in the low GVD region is n, = 70 that is large enough to take
advantage of the slow light phenomenon. We select a/4 = 0.312 as the operating point
of guided mode 6. For the operating wavelength of A= 1.55 um the lattice constant is
obtained as a = 0.483 um.

4. Transient simulation and discussion

In this section, SPM of an optical pulse is performed so that a phase shift of wis acquired
at the peak intensity of the pulse. First, we assume that only the reduced-radius rods
in the CCW structure of Fig. 2a have Kerr nonlinearity similar to the previous
work [21]. The change in the refractive index of a nonlinear material due to the optical
Kerr effect is obtained as follows [22]:

3)
3
an = —%—p )
dny g, c

where y® is the third-order nonlinear susceptibility, n, is the linear refractive index,
& 1s the permittivity of free space and / is the intensity of the optical beam.

The refractive index of dielectric rods is 3.5 and y'® for the reduced-radius rods
is 4.4x107" m?/V? that is the third-order nonlinear susceptibility of AlGaAs. There-
fore, according to Eq. (2), the required peak intensity of the optical pulse for a refrac-
tive index change of An = 0.01 will be I, = 98.6 GW/cm? that is a very large value.

Now, the transient simulation of the CCW shown in Fig. 2a is done using 2-D fi-
nite-difference time-domain (FDTD) method to demonstrate SPM. Numerical resolu-
tion of the simulation is set to 45x45 pixel/um2 and a Gaussian pulse at a center
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Fig. 5. Snapshot of the optical beam propagating along the line defect of the new CCW (a). The normalized
electric field amplitude of the optical pulse at the output for the linear (b) and nonlinear (¢) cases.
The normalized electric field amplitudes at the peak of the pulse for the linear and nonlinear cases (d).
(Color online.)

wavelength of 1.55 um is launched. The snapshot of the light beam propagating down
the PhC-CCW is shown in Fig. 5a. In order to show the effects of SPM on the optical
pulse, linear and nonlinear simulations of the structure are performed. According to
the transient simulation and as a result of the slow light spatial pulse compression,
the required input peak intensity of the pulse is just /= 0.015/, = 1.48 GW/cm?. As
a matter of fact, the slow light condition provided by the slow operating mode causes
the input pulse to be compressed and the peak intensity of the pulse increases from
I=1.48 GW/cm? to 1,=98.6 GW/cm?. On the other side, as it is mentioned above,
the peak intensity of the pulse causes a refractive index change of An = 0.01 in the re-
duced-radius rods having nonlinear Kerr property. Consequently, a relative phase shift
of Ag = w with respect to the linear case is obtained at a short length of about 31 um
away from the input source. The electric field amplitudes of the optical pulse at
the output for the linear and nonlinear cases are shown in Figs. 5b and 5c. In order to
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Fig. 6. Output spectra of the optical pulse at the output of the CCW for the linear and nonlinear cases.

illustrate the induced phase shift of m, the electric field amplitude at the peak of
the pulse in the nonlinear case together with the one in the linear case is depicted in
Fig. 5d. Indeed, a propagation constant perturbation Ak is induced when the refractive
index of the reduced-radius rods changes by the intensity of the optical pulse in
the nonlinear case. This in turn causes the peak optical field of the input pulse to ac-
cumulate T more phase shift in the nonlinear case with respect to the linear one.

At the end of this section, the spectrum of the optical pulse at the output of
the waveguide is investigated. The spectra of the optical pulse for the linear and non-
linear cases are shown in Fig. 6. As it is seen, the spectrum of the pulse in the nonlinear
case is broadened. In other words, SPM manifests itself as the generation of the new
frequencies across the optical pulse as described by dw(¢) = —(9/dt) Ap(t). According
to this relation, on the front end of the pulse, red-shifted frequencies are generated
by SPM as the phase shift is increasing with the intensity of the pulse. On the tail of
the pulse, blue-shifted frequencies emerge from SPM as the phase shift is decreasing.
The so-called spectral broadening of an optical pulse as a result of SPM is very useful
in many applications. It can be used to produce ultra short pulses at high repetition
rates or as an approach for dispersion compensation to create optical solitons.

5. Conclusions

In summary, we presented that the new PhC-CCW can provide another approach to
achieve slow modes. Such an approach does not decrease the IBZ and therefore
the reduction of the accessible bandwidth will not be as much as the one caused by
the approach used in the old PhC-CCW. Using guided mode analysis, we demonstrated
that as the radius of the cavity rods in the new PhC-CCW is reduced, the group index
increases and at the same time the corresponding bandwidth of the low GVD region
decreases. The radius of the cavity rods was selected to have n, =70 and obtain



Optical self-phase modulation... 37

an acceptable bandwidth over the low GVD region. Finally, SPM of a Gaussian pulse
at the center wavelength of 1.55 um was performed and the results were presented.
The required length for the maximum phase shift of T was obtained as short as 31 um.
Moreover, as one of the great results of the slow light phenomenon, the needed intensity
at the peak of the input pulse for An_,, = 0.01 in the reduced-radius rods, decreased
from I, =98.6 GW/cm? to 1=0.015/, = 1.48 GW/cm?. The spectral broadening of
the optical pulse as another result of SPM that could be useful in many practical ap-
plications was also illustrated.
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