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Density of modes maps for design of photonic crystal devices
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In the paper, we present numerical results on characterization of transmitting properties of wideband filters based on linear and nonlineat
photonic crystals confined with the waveguide. Novel characteristics of the PhC filters such as density of modes maps and transmission map

are computed, and their efficiency is analyzed. Presented characteristics can be used as an auxiliary optimization tools to reduce optice
losses when designing high-efficient optical interconnects.
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1. Introduction sity. The DOM of the waveguides and confined filters is com-

puted similar to photonic density of states of the PhC:
Photonic crystal (PhC) waveguides are the prospective struc-

tures for high-speed optical micro-devices. Possessing high- w/a
effective light localization, such waveguides allow introduc- DOM (w) = Z / dBs(w — w;i(B)), (1)
ing active materials making additional all-optical signal con- _—

trol possible. The most effective from the technological point

of view is embedding the PhC filters with characteristicswhere3 stands for the propagation constant. Therefore, to
close to the ones of the background PR€. (with the same  find the DOM of the PhC it is necessary to find the relation
refractive index, PhC period, etc.). As has been shown in pres(3) which, in case of PhC waveguide, can be obtained from
vious papers [1,2], such filters possess spectral characteristigise dispersion diagram.

that allow using them for processing the ultra-short pulses in - To compute the dispersion diagram of the PhC filter con-
case of either passive (implemented with linear materials) ofined by PhC waveguide there can be used plane wave expan-
active (with nonlinear materials) devices. Moreover, from thesjon (PWE) method or finite difference time domain (FDTD)
technological point of view such PhC waveguides with filtersmethod. The first one allows fast and accurate determination
can be easily integrated into the electronic circuit which re-of the PhC eigen-states while the second one allows consid-
duces costs and production time. ering nonlinear materials.

Unfortunately, optical losses and back reflection from  Tg obtain the characteristics of the nonlinear filters, we
such afilters makes them unsuitable for high-speed integratashve selected the FDTD method with auxiliary differential
optical circuits. equation (ADE) which was successfully used to simulate

In this work we propose analysing both density of modessolitons propagation in Kerr-nonlinear medium [4]. The
(DOM) and the transmission spectra to optimize the paramemethod allows solving the system of Maxwell's equations
ters of the PhC filters made of linear or nonlinear material. considering nonlinearity of the material.

Proposed characteristics have been first introduced to op- Sjnce we investigate 2D PhC presented by the sys-
timize the PhC filters used for wavelength division demulti-tem of holes in non-magnetic materials, we can reduce the
plexing [3]. However, since waveguiding properties have notfviaxwell’s equations to 2D case. Moreover, since such kind
been taken into account, the photonic density of states map§ phc possesses large PBG only in case of TE polarization

as well as transmittance maps can be applied with high aqas refered to in [5]), we consider the following system of
curacy to a bulk PhC but not to confined PhC filter. Takingequations [6]:

into account waveguiding properties provides great enhance-

ment to the precision of characterization of the confined PhC 0 1 /0 oo
filters. o= g \ay )

0 1 0
2. Theoretical background T o, <_8:sz a Jy’) @
In out work, we investigated the DOM maps of linear and _ QHZ _ 1 <8Ey _ 8E1> ’
nonlinear PhC wideband filters with varying radiation inten- ot po \ Oz dy
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where J is an electric current density which, properly de- = (3) |E? -
. : : ; : P=¢gyxy —=—F 4
fined, determines nonlinearity of the material. 1+ |E2) sy

Particularly, in case of non-saturable Kerr nonlinearity ] o '
polarization current density is given in following form [4];  @nd corresponding polarization current takes form:

_ ) -9 @ |EP
oP 9 J=—eoxWE + =eoxy’ —=——
1+ |EP/Isa

J = o= aeox(”E + %50X(3)|E|2E (3) ot ot
Applying the FDTD-ADE technique to above mentioned
wherey (") andx(®) are the terms of linear and nonlinear sus- system of Maxwell’'s equations with polarization current term
ceptibility. taken in form (5) we can compute time-dependent electro-
However, in our work, we consider Kerr-saturable non-magnetic field distribution in nonlinear saturable media. As-
linear materials and nonlinear susceptibility terms. Assumsuming perfectly-matched layer [8] at the boundary of com-
ing slowly varying amplitude of the fiel(d/0t)|E|> ~ 0),  putation region we can characterize nonlinear PhC devices
we can present nonlinear polarization term, by the analogyvhile with periodic boundary conditions we get the data to
with [7], in following form: compute eigen-states of the PhC.
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FIGURE 1. Unit cells, Brillouin zones and k-paths of the regular PhC (a,b), PhC waveguide (c,d) and PhC filter (e,f).

Rev. Mex. Fis62(2016) 193-198



DENSITY OF MODES MAPS FOR DESIGN OF PHOTONIC CRYSTAL DEVICES 195

25

2.1. Band structure computation with FDTD-ADE
method

To find eigen-states of a PhC using the FDTD method, it
is necessary to define properly the computation region, the

boundary conditions and the scanning pulse parameters.
The computation region should consist of unit cell of an
infinite periodic structure. Although it puts some restrictions
on applications of the method, it allows to reduce signifi-
cantly the computation time and resources. The unit cell con-
figurations in case of 2D PhC, PhC waveguide and PhC filters ¢ 5

are presented in Figs. 1a, 1c, le.

As long as the computation area should take shape anc

Frequency wa/2nc

size of the PhC unit cell, the periodicity emulation of the 0 05 1 15 P o5 3

structure should be set manually. It is achieved by setting up Wave vector,um™

periodic boundary conditions at the edges of the computation , 5 o

domain.

A special kind of periodic boundary conditions referred
to as Bloch periodic boundary conditions [9] allows emulate 2r — PWE

ooo FDTD

-
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FIGURE 3. (a) Temporal response spectra and (b) 1D PhC band
structure as compared with one obtained by PWE method.

-1t ; . .‘
a) 0 500 1000 1500 electromagnetic wave propagation possessing different wave
t fsec vectors:
4 — —
10 E (z+a,y+b, z4¢)=FE (2,y, 2)
X efi-kr-afj-kyAbkacz-c7
5, H (z+a,y+b,z+c) = H (2,9, 2)
©10 —i-kg-a—j-ky-b—k-k,-c
- x e the Tl iy =€, (6)
S
:'3 wherea, b, ¢ are linear dimensions of the unit cell along X,
S Y and Z axes respectively.,, k,, k. are wave vector com-
&10 Y
g ponents.
The wave vector components are usually taken accord-
ing to the k-path defined for a specific problem. Particularly,
o in case of 2D PhC, PhC waveguide and filter, the k-path is
shown in Figs. 1b, 1d, 1f.
10, 5 10 15 hown in Figs. 1b, 1d, 1f
b) F H 5 1014 To compute eigen-states of the PhC structure, first it
requency, Rz should be obtained temporal response of the structure on the

FIGURE 2. (a) Temporal response and (b) its spectrum obtained byprobe pulse. For this reason the probe pulse possessing wide

FFT.

spectrum should be used.
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0.35

waveguides and confined filters, the results are found as the
eigen-frequencies versus the propagation constant and repre-
sent the dispersion diagram of the structure.

0.3f

0.25 2.2. Density of modes

o
o

We investigated the density of modes of both linear and non-
linear PhCs. In case of linear ones, we computed DOM
by means of both PWE and FDTD methods. However, the
FDTD method can only be used in case of nonlinear PhC str-
cuture.

DOM computation of a PhC by means of the PWE
method is quite difficult task since the dispersion diagram of
the PhC waveguide is represented as a set of eigen-values.
DOM is calculated according to the (1) and, therefore, the
best way to compute it is to trace waveguide modes and then
to sum up the lengths of the segments within the required fre-
quency range. Moreover, since in PWE method we approx-
imate the waveguide with an infinite periodic structure, we
The radiation can be introduced to the structure in var-have to separate Waveguide_ modes from the trash. For this,
ious ways. However, we will consider excitation from a we hqve to comput.e t.he contmu'um of states and then clear all
single point of the computation region. The pulse shapéhe eigen-states within the continuum of states. _
which provides wide spectrum may also be selected in vari- On the other hand, when the FDTD method is used the

ous ways. The simplest shapes are delta-pulse and Gaussiaﬁ?—ewa can be used directly as is shown in Fig. 4. It is only

shaped high frequency signal. In our work, we investigated"ecessary to clean the data according to the continuum of

the structure response to a delta-pulse introduced in a sing%ates and then the DOM at specific frequency is computed

moment of time. The excitation function in this case takes®> & SUM of the intensities at all k-points.

following form:

o
—_
a1

Frequency, ai

o
=

0.05¢
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B, um™’
FIGURE 4. Temporal response spectra of the PhC waveguide for
DOM calculation.

8 (t —to, & — 0,y — Yo, 7 — 20) = 1. 7y 3. Results and discussion

It is widely known that the spectrum of the delta-pulse is|n the work, there has been investigated the PhC filter con-
infinitely wide so it gives structure response sufficient to findfined with the hexagonal 2D PhC waveguide (see Fig. 5) pre-
the eigen-states of required frequency range. After the deltasented by the system of holes drilled in silica with= 3.42.
pulse is introduced, the excitation is turned off, however, duerhe waveguide holes radiusiga = 0.33. The filter is pre-
to periodic boundary conditions, radiation exists long enouglsented by three holes filled with nonlinear optical material
to obtain the structure response. which provides shift of the characteristics at large radiation

Spectral analysis of the temporal response can be camtensity.
ried out by fast Fourier transform (FFT). The accuracy of
the method achieves its maximum when computation time
is infinite. However, it is always limited by finite time and
computation resources.

The example of the FFT of the structure response to the
delta-pulse excitation is shown in Fig. 2.

The eigen-states of the structure are searched for as loca
maxima at the response spectrum. Detailed analysis shoulc
be made to avoid spurious solutions.

In Fig. 3a it is shown the example of the band struc-
ture computation of 1D PhC. Figure 3 demonstrates result of
spectra analysis compared to the results obtained by the PWE
method.

Final representation of the results obtained by the pre-
sented method depends on kind of the periodic structure the
equation is solved for. In case of regular PhC the results
are presented in form of the band structure, the eigen-
frequencies found at different symmetry points. For PhCFiIGURE 5. Schematic of the W1 PhC waveguide with the filter.
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FIGURE 6. Dispersion diagram, (a) density of modes maps of the waveguide compuded by means of PWE and (b) FDTD (c) methods and
transmission map of the W2 waveguide(d).

First, there have been computed the DOM and the trang3.03) which makes them more effective tool for the filters in-
mission maps of the waveguides W1 to W3 with filters fill- vestigation.
ing all the waveguide space. The DOM maps are obtained Investigating the behavior of the DOM and transmission
both by the PWE (Fig. 6b) and the FDTD (Fig. 6¢) meth-with growing holes radius of the filter, we can see that trans-
ods [10, 11]. mission at the total internal reflection state vanishes when the

The transmission map (Fig. 6d) has been obtained by diradius of the filter PhC becomes larger than the one of the
rect computation of the transmission spectra by means of theurrounding PhG/a > 0.33 (i.e. the effective refractive in-
FDTD method [6,11]. The transmission spectrum of the PhQlex of the filter becomes larger than the one of the confining
filter confined with W2 waveguide has been computed forPhC).
specificr/a values. After this all the spectra have been pre-  On the other hand, the transmission is also absent at the
sented in form of 2D grayscale image where the brightness iBBG when the filter holes radiusiga = 0.33. At this point,
directly related to the transmission. Dark parts correspond tthe PhC waveguide turns into a bulk PhC which does not con-
low transmission through the PhC filter. fine the radiation.

Both DOM and transmission spectra are obtained for The growth of the transmittance continues when the holes
the specific values of the PhC filter parameters. To calradius becomes significantly larger than the one of the back-
culate the map, the parameters are varied within the rangground PhC.

r/a =0...0.5 wherea is the period of the PhC. After this, we have computed the DOM maps for W2

In Fig. 6, the first characteristic is the dispersion diagramPhC waveguide both in linear (low intensity) and nonlinear
of the W2 waveguide without the filter with six modes in- (high intensity) cases (see Figs. 7b and 7c). The difference
side the photonic band gap. It correspondsto = 0 and  between the characteristics is given in Fig. 7d. As is seen in
demonstrates the limits of the continuum of states. In thdigures nonlinear DOM shift only appears at large values of
maps bright area correspond to high DOM or high transmis+/a (larger than 0.33). This can be explained by larger area
sion. Comparing them to the dispersion characteristic, we caaccupied by the nonlinear material which leads to stronger
see high transmission at the lowest waveguide mode (which imteraction with the radiation.
referred to as total internal reflection mode) and at the higher It should be mentioned that the nonlinear shift is only ob-
eigen-states outside the PhC continuum of states (the PB&rved for the PBG modes (higher than the low-frequency
modes). continuum of states). This particular observation leads to

As is seen from the figure, both DOM and transmis-important conclusion. Namely, in the structures similar to
sion map represent similar characteristics allowing to perthe ones investigated in the work, the total internal reflection
form the precise parameters selection. However, using theodes are not affected by the nonlinear index changes.
PWE method the DOM maps can be computed much faster Although, linear and nonlinear DOM maps look similar,
than the transmission one. Moreover, unlike the transmissioaven such insignificant DOM shift may give raise to interest-
maps, they also cover the lowest frequency range (from 0 ting nonlinear effects as bistability and optical power limiting.
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FIGURE 7. (a) Dispersion diagram and (b) DOM maps of the filter at low and (c) high intensities and (d) their difference.

4. Conclusion the eigen-states properties and behavior. On the other hand,
DOM computed by means of the FDTD method give better

In the paper, there have been computed the density of mod@gpresentation of an actual transmission spectra and can be
maps which allow to take into account waveguide propertiegpplied for design of the micro-devices.

when computing the PhC filter characteristics. This improves .
significantly the accuracy of parameters selection when de- Computed DOM map of the nonlinear PhC demonstrated

i s ey
Comparison between DOM maps obtained by the PWé] u gerh _ ' o al. _
and FDTD methods demonstrates their full correspondence Proposed DOM maps allow precise description and opti-

to the transmission spectra of the filter. The PWE methodnization of the PhC filter properties with much lower com-
gives more accurate results and allows investigate in detaildutation time.
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