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The light localization effects in silicon photonic crystal cavities at different disorder
degrees have been studied using the finite difference time domain (FDTD) method
in this paper. Numerical results showed that localization occurs and enhancement
can be gained in the region of the cavity under certain conditions. The stabilities of
the localization effects due to the structural perturbations have been investigated too.
Detailed studies showed that when the degree of structural disorder is small(about
10%), the localization effects are stable, the maximum enhancement factor can reach
16.5 for incident wavelength of 785 nm and 23 for 850 nm in the cavity, with the
degree of disorder about 8%. The equivalent diameter of the localized spot is almost
constant at different disorder degrees, approximating to A /7, which turned out to be
independent on the structural perturbation. © 2013 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4830280]

. INTRODUCTION

Due to its attractive optical properties in controlling and manipulating the flow of light, a
substantial amount of work has been devoted in the past few years to understand transport, wave-
scattering and localization phenomena in nanophotonic crystals.!~> The existence of photonic band
gap (PBG),%’ which is an unique feature of photonic crystals, has given rise to distinct opti-
cal phenomena such as inhibition of spontaneous emission,3!! high-reflecting omni-directional
mirrors'? and low-loss-waveguiding.'*~'¢ Such activities have unveiled broad application prospects
in technological and engineering fields of photonics and optoelectronics industry.'”-'® Higher di-
mensional photonic crystals are of great interest for both fundamental and applied research, and
the two dimensional ones have already found commercial applications, in the form of photonic
crystal fibers,'” which use a microscale structure to confine light with radically different charac-
teristics compared to conventional optical fibers for applications in nonlinear devices and guiding
exotic wavelengths.?2! After random structures have been introduced, more fascinating analogies
between the behavior of electronic and optical waves were observed, such as disorder-induced An-
derson light localization,>?*>~?° the photonic Hall effect,’* optical magneto resistance,’! universal
conductance fluctuations of light waves,*? and optical negative temperature coefficient resistance.
The breaking of the structural uniformity and periodicity is in fact providing a convenient path
to confine light dispersion in transverse section and forming field localization.’*33 However, the
irregularity of random structures have made them irreproducible and of very limited appeal in actual
manufacturing, more detailed investigation on the functioning mechanism is imperative and some
kind of specific design rules should be developed for us to conceive, explore, and fabricate.
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FIG. 1. Schematic of the structure geometry. (a) The coordinates of the system and the propagating direction of the incident
light. (b) Index profile in the transverse section of the nanostructure (homogeneous and with displacement perturbation). r is
the radius of the air hole and a is the lattice constant. E1 ~ E7 is the sequence number of the seven holes inside the enlarged
area.

In this paper, we are focusing on a very limited area inside a random-structured nanophotonic
crystal in order to study the local effect of breaking the structural spatial periodicity. We modeled
a nanostructure consisting of a hexagonal lattice of straight air holes distributed spatial periodically
in a silicon cuboid, a cavity was formed by a missing hole in the center. Detailed simulation have
been carried out by using the finite difference time domain method (FDTD) and the properties as
well as the affecting factors of the light confinement in the structure have been studied by analyzing
the numerical results.’® Considering the techniques of actual fabrication and the electrochemical
etching, there are many restrictions to make a rigorous regular nanostructure. So the effects of light
confinement have also been studied when structural perturbations have been added. According to our
results it has turned out that when the degree of structural disorder is small (<5%), the localization
effects are comparable to that in the regular photonic crystals with a cavity. When the disorder
degree was increased, the maximum enhancement was gained inside the cavity. So this structure
can be used to provide additional enhancement to raise the luminescence efficiency of silicon-based
photonic crystals besides the effects of enhanced Raman scattering from single silicon nanowire?’
and SERS.?%:3° When the degree of disorder is over 10%, the enhancement is even smaller than that
in the regular photonic crystals.

Il. MODEL AND CALCULATION

The coordinates of the system and the propagating direction of the incident wave (parallel to
the y axis) are described in Figure 1(a). Figure 1(b) is a schematic of the transverse section of the
cuboid with r as the radius of the hole and a as the lattice constant, L is the longitudinal length of the
structure calculated in the simulation. We chose the radius of the hole as r = mA / 64 and the lattice
constant as @ = iA/8n + 2r, (m and i are integers),?® in which A is the wavelength of the incident
light, and n is the refractive index of silicon.*0

We solved the Maxwell equations by the FDTD algorithm and calculated the distributions of the
electromagnetic field in transverse sections at different y values vertical to the propagating direction,
I (x, v, z) is defined as the energy intensity at point (x, y, z) in the transverse section. The unitary
intensity distribution was defined as I (x, y, z) = I (x, ¥, 2) / Iy, with I, the average intensity of
the incident light, since the initial conditions can be chosen arbitrarily.

In the study of disordered structures, we keep the cavity steady to gain enhancement of the
emergent light by fixing the position of its surrounding six air holes while adding positional disorder
to the others, as shown in Figure 1(b). The degree of disorder has been defined as W = p / a, while
p is the maximum displacement. The values of the unitary intensity distribution 7 (x, y, z) are
calculated based on the simulation results. Since the unitary intensity distribution can be Gaussian
fitted, the equivalent diameter of the light spot D has been defined as the full width at half-maximum
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(FWHM) of the Gaussian fitting, and the enhancement factor G = I, /Iy (I, is the average values
of Tx (x,y,2).

lll. RESULTS AND DISCUSSION

During the light propagation in the porous medium, scattering and refraction occurs at the inside
interfaces. Supposing nj, n, are the dielectric constants of dielectric material A and B, &, ki, ko
are the incident, reflected and refracted wave vector of the plane wave source, in the form of plane
wave, respectively. E;, E/, E; are the electric field intensity of the incident, reflected and refracted
wave. x-y plane is the interface plane. Then in the form of plane wave, we have:

E; = Egexplitk; -7 — ot)] (1)
E| = Ejyexpli(k] - r — wt)] 2)
Ey = Exexpli(ky - ¥ — wt)] (©)

Considering the boundary relation, we have:
ki =k}, = kax, kiy = kiy =ky, =0

Let 6, 0], 6, be the incident, reflecting and refracting angle, respectively. Then we have:

klx 1 k2x
sinf; = —, sinf| = +" sin@, = —,
ky k, =
From k| = "ifw, ki = %, ky = %, we can get:
sin@; = sin6y, ny sinf; = ny sin 6 4

The z-component of the refracted wave vector

2
/ 2
kye = K2 — K2, = % <Z—?> —sin26; = T”,/ngl — sin2 6, )

A is the wavelength of the propagating wave.
Considering that k;, could be an imaginary number, rewrite it in the following form:

2 2
ix = 2 Jugy —sin oy, =i 2% aint6, —sin’

2 )
X = T\/sm 0, — sin? 6, (6)

Combine Eq. (6) with Eq. (3), we have the expression of the wave propagation in dielectric material
B:

E; = Eype % expli(koyx — wt)] @)

Eq. (7) indicates that the refracted wave decays exponentially in the z direction, which is called the
evanescent wave, it’s effective penetration depth is defined as below:

Y 1
== — 8)

: T2
X sin2 0 — n3,

Combine Eq. (8) with our simulation parameters, when the 785 nm and 850 nm plane waves
propagate in our modeled porous silicon material, the effective penetration depth of the evanescent
wave is comparable to our cavity size, and its interference enhancement occurs inside the cavity area
in all probability, which will contribute to the energy intensity enhancement.
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FIG. 2. The unitary intensity distribution in the transverse section close to the output plane of the regular nanostructure
with r = 49 nm, a = 204 nm, and L = 3. The wavelength of the incident light is A = 785 nm. The color bar shows the
enhancement factor of the energy flux density.

Figure 2 shows the unitary intensity distribution in the cross section close to the output plane in
a homogeneous nanostructure with the radius of the hole r = 49 nm, the lattice constant a = 204 nm,
and a thickness of the structure L = 3A = 2355 nm. The wavelength of the incident light is
785 nm. It is easy to conclude that the localization occurs and enhancement can be gained in the
cavity in this case. Compared to the energy flux density of the incident light, the enhancement factor
can reach 15 in the cavity.

Figure 3 shows the position distribution of the light spot along the direction of light propagation.
The position of the light spot is defined as the position of the point with the maximum energy density
in the spot, in which the spot’s line width is ignored. As shown in Fig. 3(a), most of the light spots are
located in a columnar region. In Fig. 3(b), these light spots are bounded within a 200 nm- diameter
circle, which overlapped the cavity. Repeated calculations have shown that the light spots are always
located in this region. Figure 4 shows that the equivalent diameter of the light spot is proportional to
the incident wavelength, approximating to A / 7, which is comparable to A/2n.

Furthermore, the localization effects in structures with different disorder degrees have been
investigated. The perturbations have been added to the nanostructure as shown in Fig. 1(b).
Figure 5 showed the emergent energy enhancements at different degrees of disorder at two in-
cident wavelengths: (a) 785 nm and (b) 850 nm. i = 2 and m = 4 have been chosen, respectively.
We chose the structure parameters as r = 49 nm, a = 204 nm and L = 2355 nm for incident light
of 785nm, and r = 53 nm, a = 222 nm and L = 2550 nm for incident light of 850nm. As shown
in Figure 5, the effects of the disorder degree on the enhancement of the energy flux density are
similar at the two incident wavelengths. When the degree of structural disorder is small (< 5%),
the enhancement is similar to that in the sample with regular structure. When the disorder degree is
large (about 10% - 23%), the enhancement factors are reduced, which are about 10 for 785 nm and
15 for 850 nm, compared to the energy flux density of the incident light. When the degree of the
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FIG. 3. The position distribution of the localized light spot along the direction of the propagating light. (a) The three-
dimensional position distribution of the light spot in the sample; (b) A two-dimensional vertical view of spot position
distribution in x-z plane.
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FIG. 4. the equivalent diameter of the light spot as a function of incident wavelength. The red solid line is the linear fitting
result.

disorder is at about 8%, the enhancements reach the maximum. The enhancement factor can reach
16.5 for 785 nm and 23 for 850 nm, respectively.

Figure 6 showed the equivalent diameters of the light spots at different degrees of disorder when
A =T85 nm, r =49 nm, a = 204 nm, and L = 3. It is easy to get that the equivalent diameter of
the light spot is almost a constant while increasing the degree of disorder. So we can conclude that
the degrees of disorder have little effect on the light spot size.

In Figure 7, the degree of disorder w is 8%, r =49 nm, a = 204 nm, L = 3. With the wavelength
increasing, the equivalent spot diameter increases. From the results in Figure 6 and Figure 7 the size
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FIG. 5. The enhancements with different disorder degrees and at two incident wavelengths: (a) 785 nm. The parameters
of the structure are r = 49 nm, a = 204 nm, and L = 3A. (b) 850 nm. The parameters of the structure are r = 53 nm,
a=222nm,and L = 3.
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FIG. 6. The equivalent diameters of the light spot as a function of different disorder degrees. The structure parameters:
r =49 nm, a = 204 nm, and L = 31 = 2355 nm. The incident wave wavelength is A = 785 nm. The insets are the average
intensity distribution / g in the transverse section close to the output plane in each sample.

of the light spot is mainly depended on the incident wavelength in the same sample. The equivalent
diameter of the light spot is approximate to A / 7, which is comparable to A/2n.

IV. SUMMARY

In this paper, the properties of light localization in silicon nanostructure material with a triangular
lattice of air holes (the lattice contains a cavity in the center) have been investigated by using the
FDTD method. Numerical results in rigorous regular nanostructure showed that localization occurs
and energy enhancement factor can reach 15 for 785 nm and 18.5 for 850 nm in the region of the



112107-7 Wu et al. AIP Advances 3, 112107 (2013)

240 -

- - |
—~ 160 - H
E
£ N, |
o {
© 120+ / -
E :
O .
©
g .
%)

.i ﬁ
0 T v T T T ’ T ! T . T :
600 800 1000 1200 1400 1600
Wavelenght(nm)

FIG. 7. The equivalent diameters of the light spot at different incident wavelengths in the structure with r = 49 nm, a = 204
nm, and L = 3. The degree of disorder is fixed as 8%. The insets are the average intensity distribution [ g in the transverse
section close to the output plane at each wavelength.

cavity in specific structure. After adding perturbations to the positions of the holes, the localization
effects at small degree of disorder (< 5%) are similar to that in the homogeneous structure. The
maximum enhancement of energy flux density appears at w = 8%, the enhancement factor can reach
16.5 for 785 nm and 23 for 850 nm in the cavity. The results also showed that the disorder degrees
have little influence on the size of localized spot. The size of the light spot is mainly depended on
the incident wavelength in every sample and is approximate to A /7.

So the structure we’ve studied in this paper can be used for additional enhancement of optical
signals in silicon nanomaterials, besides the effects of enhanced Raman scattering from single silicon
nanowires and SERS. On the other hand, detailed numerical study in a smaller range would help
the understanding of more delicate mechanism of Anderson Localization in asymmetrical spatial
nanophotonics, which will enable us to manipulate the photonic structure for different demands,
and this would turned out to be of promising prospect of application in silicon-based photonics and
optoelectronics.
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