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Abstract. Finite-difference time-domain (FDTD) analysis of
light propagation in a defect mode of a two-dimensional
photonic band-gap (PBG) structure demonstrates that the
light field is localized in such a structure within areas with
subwavelength(λ/10) sizes. FDTD simulations reveal effi-
cient formation of an evanescent wave at the output of such
a PBG structure, permitting the subwavelength resolution to
be achieved in the near field. A probe object with a size less
than the wavelength of incident light is shown to perturb the
near-field distribution behind the PBG structure and to change
the signal detected in the far-field zone. The field intensity
distribution inside a PBG structure is also sensitive to the
presence of a probe object, offering a way to control the light
field localized in defect modes of PBG structures.

PACS: 41.20.Bt; 42.79.-e

Much attention has been recently focused on the investiga-
tion of photonic band-gap (PBG) structures [1, 2]. In par-
ticular, it was demonstrated that unusual dispersion proper-
ties of such structures allow compact tunable optical delay
lines to be implemented [3], parameters of short laser pulses
to be controlled [4], and nonlinear-optical interactions to be
phase-matched [5, 6]. Although the investigation of the field
distribution in PBG structures is much more complicated,
it opens new fascinating ways to employ photonic crystals.
Since no analytical solution can be found to describe the field
distribution in this case, such an analysis requires the ap-
plication of adequate numerical algorithms. Finite-difference
time-domain (FDTD) schemes [7] are especially promising
for the investigation of PBG structures, as they provide the
opportunity to analyze the spatial distribution of the elec-
tromagnetic field in PBG structures. The FDTD method has
been successfully applied to describe optical switching [8]
and pulse compression [4] in nonlinear one-dimensional PBG
structures. The FDTD method has also been recently ap-
plied for the analysis of the spatial distribution of the elec-
tromagnetic field in scanning near-field optical microscopy

(SNOM) [9], allowing important features of signal forma-
tion in SNOM systems to be understood. In this paper, we
employ the FDTD technique to analyze the propagation of
a light beam in a two-dimensional (2D) PBG structure with
a defect. This analysis reveals several intriguing features of
light localization in such PBG structures, which seem to of-
fer much promise for near-field microscopy. In particular, the
localization of light within areas whose sizes are less than
a wavelength suggests that a subwavelength resolution can
be achieved with PBG structures. We will also demonstrate
that the properties of the light field at the output of a 2D
PBG structure with a defect are similar to the properties of
evanescent waves in near-field optical microscopy, leading us
to a concept of PBG components in SNOM.

1 The method of simulations and photonic band-gap
structures

In our simulations, we employed the FDTD technique [7],
which implies the solution of Maxwell equations with cen-
tered finite-difference expressions for space and time deriva-
tives. Keeping in mind that silicon technologies provide an
opportunity to fabricate PBG structures in one [6], two [10],
and three [11] dimensions, we performed FDTD simulations
for macroporous-silicon 2D PBG structures consisting of five
to ten periods of cylindrical air holes arranged in a triangu-
lar lattice in silicon (Fig. 1) irradiated with a plane light wave
coming fromX =−∞. The ratio of the hole diameter to the
lattice period along theY axis a was chosen to be equal to
0.95 in order to ensure the maximum width of the band gap
for the considered macroporous-silicon structure [12]. The
period of the investigated triangular-lattice PBG structure in
the X direction was equal to

√
3a. Our FDTD simulations for

such a 2D PBG structure without a defect reveal a band gap in
the X direction, corresponding to the minimum width of the
band gap [12], fora/λ (a is the period of the PBG structure
andλ is the wavelength of incident light) ranging from0.35
to 0.52for H waves and from0.44to 0.57for E waves, which
indicates the existence of a closed band gap and agrees well
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Fig. 1. A fragment of a silicon 2D PBG structure with a defect. A small
transparent probe sphere with a refractive index of1.5 is placed adjacent
to the output plane of the PBG structure, with the center of this sphere at
a distanced from the output plane of the PBG structure, disturbing the field
intensity distribution inside and outside the PBG structure

with the results of simulations carried out by Meadeet al.[12]
and the experimental and theoretical data presented by Gruen-
ing et al.[10], thus showing the adequacy of the implemented
algorithm.

A defect was introduced into the 2D PBG structure con-
sidered above by removing one of the rows of air cylinders
periodically (with a periodΛ) along theY axis (Fig. 1), which
allowed us to use periodic boundary conditions along theY
axis with a periodΛ. In order to suppress reflections from
artificial boundaries, we employed standard absorbing bound-
ary conditions [13] while simulating light propagation along
the X axis by assuming that absorbing surfaces are located
at X = −5a and X = 23a. Analysis of a 2D PBG structure
with a defect allows us to appreciate several advantages of the
FDTD technique. One of them is that FDTD simulations are
carried out in real space rather than in the Fourier space, so
that a defect in a PBG structure results in virtually no com-
putational complications as compared with a PBG structure
without a defect. Another advantage of the FDTD approach
is that it provides information concerning the spatial distribu-
tion of the field inside and behind a PBG structure, allowing
us, in particular, to find the throughput of the defect mode,
quantitatively characterize the areas of field localization in-
side the PBG structure, and determine the spatial distribution
of the electromagnetic field emerging from the PBG structure.

2 Results and discussion

The FDTD analysis shows that, whereas in a PBG structure
without a defect, the field intensity decays on a spatial scale
on the order ofλ, resulting in a transmission coefficient of the
PBG structure of about10−3, a light beam in a PBG struc-
ture with a defect may propagate along a narrow channel.
The transmission coefficient for E waves within the range of
a/λ ranging from0.44 to 0.47 in such a structure increases
from 10−3 up to 0.5, indicating the appearance of a defect
level in the band gap. For H waves, the transmission coef-

ficient may be as high as0.4. In what follows, we present
the results of simulations performed for the frequency of the
light field corresponding to the defect mode in the band gap.
This frequency was chosen for simulations since the trans-
mission of the PBG structure decays dramatically away from
this frequency. Generally, the spectra of defect modes in such
2D PBG structures are very complicated, deserving special
analysis, which falls beyond the scope of this paper. The two-
dimensional distribution of the mean intensity of the electric
field calculated for a 10-period PBG structure whose frag-
ment is shown in Fig. 1 witha/λ = 0.454 is presented in
Fig. 2a. The light beam is channeled along the defect in such
a structure, and the field is localized at the center of the defect.
At certain points, the beam diameter in the channel (meas-
ured at half maximum of the field intensity) may be as small
asλ/10 (Fig. 2a), i.e., approximately five times less than the
diffraction limit for a light beam focused in air. Note that
a similar spatial resolution can be achieved, for example, with
a thin single-mode silicon waveguiding slab. However, the

Fig. 2a,b. Two-dimensional map of light localization (field intensity distri-
bution) in a PBG structure whose fragment is shown in Fig. 1:a without
a probe object andb with a λ/4 probe object whose center is located at the
distanced= λ/8 from the output plane of the PBG structure (see Fig. 1).
Gray-scale levelsrepresent the mean values of the electric field squaredE2

for a/λ= 0.454
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way the defect modes are excited in a PBG structure, when
no special measures are required to couple radiation into the
structure with a sufficiently high efficiency, seems to offer
much promise for reducing optical losses and for achieving
high-throughput channeling. The light intensity at the center
of the defect is several hundred times higher than the inten-
sity at the edges of the channel (Fig. 2a), indicating a high
contrast of beam channeling. Channeling of a light beam was
observed regardless of the periodΛ (for Λ > 2a), indicat-
ing that the effects described above do not result from the
interference (cross-talk) of light reflected from neighboring
defects. The absence of cross-talk effects in light channeling
in such a structure is due to the fact that the penetration depth
of light within the band gap is less than the wavelength. The
total field intensity behind the crystal over the periodΛ along
theY axis remained unchanged, which brings us to a conclu-
sion that the light is channeled only along the defect.

The field intensity distribution behind the PBG structure
is presented in Fig. 3a. The field at the output of the PBG
structure under these conditions is localized in the transverse
direction on a subwavelength spatial scale(λ/10) and de-
cays exponentially along theX axis. The features of this
field are similar to the properties of evanescent waves in
SNOM [14], which allows us to propose PBG structures as
SNOM components permitting efficient formation of evanes-
cent waves. Since the reciprocity principle is applicable in
this case, a PBG structure can be also employed to analyze
the evanescent field near a sample, providing an opportunity
to implement also the collection mode of SNOM.

Two-dimensional maps in Figs. 3b and 3c show the distri-
bution of the electric field behind the same 2D PBG structure
in the case when a small transparent probe sphere with a re-
fractive index of1.5 and diameters equalλ/4 (Fig. 3b) and
λ/8 (Fig. 3c) is placed adjacent to the output plane of the
PBG structure (as shown in Fig. 1), with the center of this
sphere being located at distancesd= λ/8 (Fig. 3b) andλ/16
(Fig. 3c) from the output plane of the PBG structure. The two-
dimensional maps presented in these figures demonstrate that
the near-field distribution of the electric field becomes per-
turbed by a probe object, revealing that the near-field light
intensity distribution is highly sensitive to the presence of
a probe sphere and suggesting an analogy with the tunneling
of the field due to the potential of this sphere.

The integral of the electric-field intensity taken in the
X = 19.7a plane also noticeably changes in the presence of
the probe sphere. The values of this integral in Figs. 3b,c nor-
malized to the same integral taken in the absence of a probe
object (Fig. 3a) are equal to1.06 and 1.032, respectively,
showing that a detector placed in the far-field zone would al-
low one to easily distinguish betweenλ/4 andλ/8 objects.
The integral far-field electric-field intensity calculated with
aλ/16 object placed adjacent to the output plane of the PBG
structure was equal to1.007. Thus, the considered emission-
mode scheme of near-field microscopy is characterized by
a high sensitivity and a high resolution (see [15, 16]).

The field intensity distribution inside the PBG structure,
as can be seen from the comparison of Figs. 2a and 2b, re-
sponds to the presence of a probe object by a decrease in the
field localization degree. This effect shows the way to con-
trol the light field localized in defect modes of PBG structures
in various applications of light localization in PBG structures,
including nonlinear optics, optical memory, etc.

Fig. 3a–c. Two-dimensional map of the field intensity distribution at the
output of a 2D PBG structure with a defect whose fragment is shown in
Fig. 1: a without a probe object and withb λ/4 andc λ/8 probe objects
whose centers are located at the distanced= λ/8 (b) andλ/16 (c) from the
output plane of the PBG structure (see Fig. 1).Gray-scale levelsrepresent
the mean values of the electric field squaredE2 for a/λ= 0.454

It seems unlikely that some analytical description of the
field at the output of the PBG structure considered in this pa-
per could be ever found. However, qualitatively, it is clear
that a light beam with a subwavelength diameter produced in
a defect mode of a PBG structure cannot freely propagate in
air without changing its shape. If the diameter is much less
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than the wavelength and contains high-order spatial harmon-
ics, such a beam displays behavior similar to that observed
in the evanescent wave, ensuring a subwavelength resolution
in the transverse direction in the near field. All the energy of
a light beam under these conditions spreads out along theY
coordinate. However, a high concentration of light energy at
the output of a 2D PBG structure with a defect can be fully
appreciated in the near-field zone. It can be employed, for ex-
ample, to produce a local excitation, and it can be detected by
a tip placed in the near-field zone.

The main advantages of using PBG structures in SNOM
are associated with the high resolution that can be achieved
because of the high degree of light localization in combina-
tion with a high throughput of the defect mode in a PBG
structure, ensuring a sufficiently high field strength at the out-
put of a PBG structure. The latter circumstance is associated
with the fact that a defect mode of a PBG structure rather
than a simple aperture is used to produce an evanescent wave,
allowing one to eliminate one of the serious technical diffi-
culties of SNOM, where the throughput of a tip usually drops
with the decrease in the aperture size.

Since the energy at the output of a photonic crystal with
a defect is high enough, many other applications of evanes-
cent waves produced with a PBG defect mode, apart from
those directly related to microscopy proper, can be consid-
ered. One of them is creating subwavelength features in pho-
tolithography. Another important application could be associ-
ated with increasing the density of optical data storage in one,
two, and three dimensions. In particular, in three-dimensional
optical-memory systems [17], the absence of cross-talk be-
tween neighboring defects in the considered PBG structures
allows one to implement high-precision addressing for data
writing and reading. The field produced at the output of
a PBG structure with a defect can be also used to visualize the
propagation mode in waveguiding systems, to produce local
excitations in samples, and to fabricate subwavelength planar
integrated-optics components.

3 Conclusion

FDTD simulations demonstrate that an evanescent field can
be efficiently generated with the use of PBG structures, offer-
ing a way to achieve subwavelength (on the order ofλ/10)
spatial resolution in the scheme of near-field optical mi-
croscopy and allowing us to propose PBG structures as com-

ponents of near-field optical microscopy. A probe object with
a size less than the wavelength of incident light perturbs the
near-field distribution behind the PBG structure as a result
of the optical tunneling effect and changes the optical signal
detected in the far-field zone. The field intensity distribution
inside the PBG structure responds to the presence of a probe
object by a decrease in the field localization degree, showing
the way to control the light field localized in defect modes of
PBG structures.
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