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I. INTRODUCTION

Several years ago, beaming phenomenon from a single
subwavelength aperture surrounded by a periodic cor-
rugation on a metallic film was reported [1,2]. This
phenomenon surprisingly overcomes the well-known
diffraction limit that light emitting from an aperture
much smaller than its wavelength spreads in all direc-
tions uniformly. The beaming originates from the exci-
tation of surface plasmons on metallic surfaces, which
act as parallel light sources due to the periodic cor-
rugation. By applying the basic concept used for metallic
films, beaming or directional emission exiting from a
photonic crystal (PC) waveguide less than a wave-
length wide was theoretically [3] and experimentally [4]
demonstrated. The two pioneering reports stimulated
a number of subsequent papers [5-10]. Surface waves
on PC surfaces are intentionally generated by surface
modification or termination, in contrast to surface plas-
mons occurring naturally on metallic surfaces.
Recently, directional emission from PCs with no sur-

face waves involved has been reported in many pub-
lications [11-17]. Refs. [11] and [12] attain directional
emission and beam deflection via defect coupling by
defects placed just near the exit of a PC waveguide.
In Ref. [13], a PC waveguide exit surface is covered by

another different PC structure with self-collimation pro-
perty that causes beaming emission. In Ref. [14], wave-
guiding inside a PC relies on self-collimation and sur-
face modification makes directional emitters or beam
splitters possible. Another proposed way is to put coupled-
resonator optical waveguides at the output surface of
a PC waveguide [15]. Multiple adjacent waveguides can
be used to obtain directional beam from light origi-
nating from a waveguide [16] or self-collimation [17].
The methods not relying on surface waves have some
advantages, for example, simple surface structures, but
they have limited controllability in the structures [11,
12] or complexity in the overall structures [13,15-17].
We believe that the methods for directional emission
via surface waves have more flexibility and controll-
ability. Beaming from PCs would find applications in
nano-focusing and near-field optical devices. It may
also be utilized in the coupling of PC waveguides with
conventional photonic devices such as dielectric wave-
guides and optical fibers.
The directional emission from two-dimensional PC

waveguides proposed originally in Ref. [3] was later en-
hanced by engineering the surface and adjusting rele-
vant parameters [7,8]. These modifications include using
a positive surface corrugation, increasing the refractive
index of surface cylinders, inducing a near-surface defect
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mode, and adjusting the input wavelength in consequence
[7]. We note here that the structure considered in Ref.
[3] was not optimized. While a significant enhancement
was achieved in Ref. [7], their procedure for optimi-
zation seems difficult to follow in terms of the under-
lying physics. Besides, the resulting surface structure
is rather complicated for actual realization. In this paper,
we numerically investigate the effects of surface termi-
nation on directional emission by the finite-difference
time-domain method [18-20], mostly following the con-
ditions of Refs. [3] and [7]. While computing directed
power and far-field beam profiles for different values of
some important parameters, we find another surface
termination condition with a positive surface displace-
ment in the structure of the original proposal which has
a negative surface displacement. Our surface termination
is more effective than the original structure, and nearly
as effective as the termination for the enhancement, for
directional emission. Besides, our termination is simpler
than the one for the enhancement. We confirm the
effectiveness of directional emission from our termi-
nation in its far-field beam profile and radiation in-
tensity distribution, and additionally in the wave-vector
space representation by the Fourier analysis [21-23].

II. MODEL AND METHODS OF
COMPUTATION

The photonic crystal structure that we study here is
shown in Fig. 1. Its basic structure is adopted from
Refs. [3] and [7]. The underlying PC is a square lattice
of dielectric cylinders in air (εr = 11.56 and r = 0.18a,
where r is the radius of cylinders and a is the lattice
constant.). We consider TM polarization (the electric
field parallel to the axis of cylinders), for which the PC
has a band gap from aω /2πc = 0.30 to aω /2πc = 0.44
(c is the speed of light.). At the center of the structure,
a waveguide is formed by eliminating a line of cylinders.
The radii of the surface cylinders at the PC-air inter-
face are reduced to rs = 0.09a to induce surface modes
[5], which are nonradiative modes localized at the
interface. In Fig. 1, rs-1 is the radius of the cylinders
next to the surface cylinders. To obtain directional

emission by a coherent action of radiative surface
modes [10], surface corrugation with displacement Δz
and period is created at the interface. This corΛ -
rugation moves surface mode momentum, by adding its
corrugation momentum, into the light cone [5], in which
propagating modes in air reside in a dispersion dia-
gram. Emission by radiative surface modes could also
be understood by considering that the displaced cylinders
by corrugation act as scattering centers for surface
modes. Thus the surface corrugation displacement is an
important parameter that determines the extent of
surface emission by surface modes.
In its original proposal, Ref. [3] considered the case

with a termination of rs = 0.09a, ns = n =  = 3.4
(ns is the refractive index of surface cylinders), and rs-1
= r = 0.18a, and with a source frequency of aω /2πc
= 0.408. To make surface corrugation for inducing
radiative surface modes, the even-numbered surface
cylinders (counted according to their distance to the
waveguide) were displaced with displacement Δz =
-0.3a and period = 2Λ a. The number of the displaced
cylinders, N, was varied. In the structure for enhance-
ment, Ref. [7] changed the termination to one with rs
= 0.09a, ns = 3.6, and rs-1 = 0.135a, and with a source
frequency of aω /2πc = 0.379. Besides, the odd-numbered
surface cylinders with fixed N = 9 were displaced with
displacement Δz = +0.4a and period = 2Λ a.
To compute directional emission and relevant pro-

perties, we use the finite-difference time-domain (FDTD)
method [18,20] with a perfectly-matched-layer absorbing
boundary condition [19]. Its basic algorithm that solves
the Maxwell s equations directly in space and time is’
well-known and documented in details in Refs. [18,20].
We place a single-frequency sinusoidal source at the
entrance of the waveguide (x = 0 and z = -4a), to
excite waves that propagate along the waveguide and
are then emitted at its exit. To characterize the emis-
sion from the waveguide, we measure the time-averaged
directed power Pd incident upon a cross section of
width 2a centered at x = 0 and z = 41a, approximately
37a away from the surface. Furthermore, the far-field
beam profile of the directional emission is measured
along the line of width 40a, perpendicular to the z axis,
centered at x = 0 and z = 41a.
For the purpose of comparing different emissions more

clearly, we adopt the Fourier analysis [21] in which the
field distribution obtained from the FDTD method is
converted into the wave vector space. The Fourier
analysis was originally proposed to analyze reflection
and refraction at an interface between a homogeneous
medium and a PC [21], and later used to analyze a PC
gradient index lens [22] or self-collimated beams in PCs
[23]. In our work, the wave-vector space representation
shows the shapes or profiles of wave-vector components
excited after exiting a waveguide, thereby enabling one
to compare spatial patterns of different directional beams.

FIG. 1. Schematic of the photonic crystal structure for
the computation of directional emission.
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III. RESULTS AND DISCUSSION

In Fig. 2, we show the effect of surface displacement
Δz on directional emission. The surface displacement is
an important parameter, because it makes a surface
grating and causes nonradiative surface modes to be-
come radiative by adding its corrugation momentum,
as described previously. Figure 2 (a) shows the directed
power Pd for different values of the surface displace-
ment Δz for the surface conditions of Refs. [3] and [7].
In Ref. [3], the authors used a negative surface cor-
rugation of Δz = -0.3a for its surface grating, at which
reasonably high Pd is obtained as shown in Fig. 2 (a).
In contrast, Ref. [7] used a positive surface corrugation
of Δz = +0.4a to obtain its enhanced emission. Its
value of the surface corrugation at which maximum Pd
is obtained is corroborated in Fig. 2 (a). As expected,
the directed power Pd varies significantly for different
values of Δz, which confirms that the amount of surface
displacement determines the extent of emission.
For the plot of Ref. [3] in Fig. 2 (a), we notice another

value of Δz = +0.5a that gives large directed power,
although it is still smaller than that for Ref. [7]. So,
in Fig. 2 (b) we plot the far-field beam profiles at z
= 41a, normalized to each maximum value, for the three
cases. We easily see that the case for Ref. [7] with Δz
= +0.4a and one for Ref. [3] with Δz = +0.5a give
well-collimated beams, whereas the case for Ref. [3]
with Δz = -0.3a gives a beam collimated somewhat with
large sidelobes. From these results, we see that a simple
change of surface displacement gives significantly dif-
ferent properties of the far-field beam profiles. For further
analysis, we call the condition of Ref. [7] with Δz =
+0.4a as Termination A, that of Ref. [3] with Δz =
+0.5a as Termination B, and that of Ref. [3] with Δz

= -0.3a as Termination C.
Figure 3 shows the effect of the number of displaced

surface cylinders, N, for the three termination con-
ditions just mentioned. In Fig. 3 (a), the directed
power for all three terminations increases up to certain
values of N. This is as expected because gratings for
radiative surface modes must be formed to obtain
directional emission. For Termination A, minimum N
= 8 is needed for maximum Pd, while for Termination
B, minimum N = 6 is needed. However, for Ter-
mination C, Pd reaches a maximum around N = 4, and
then decreases and fluctuates. This is due to variation
of the beam profiles, which will be shown below.
Figures 3 (b) and 3 (c) give the far-field beam profiles
for different values of N for Termination A and B,
respectively. The main beams of those profiles do not
vary, accompanied by a little variation of the sidelobes.
However, in Fig. 3 (d) for Termination C, we easily see
a significant variation of the main beams as well as the
sidelobes for different values of N. The asymmetry of
the sidelobes in Fig. 3 (b) and of the main beam for
N = 7 in Fig. 3 (d) is believed to originate from
numerical artifacts.
As noted previously, Ref. [7] enhanced its directional

emission by using the increased refractive index of
surface cylinders and a near-surface defect mode in-
duced by reduced radii of near-surface cylinders, in
addition to its positive surface corrugation and its ad-
justed input wavelength. Figure 4 shows the effects of
variation of the refractive index of surface cylinders, ns,
and of the radius of near-surface cylinders, rs-1, on the
directed power Pd for Termination A. In Fig. 4 (a), we
see that Pd is rather sensitive to ns and has a maximum
value at ns = 3.6, different from n = 3.4 of the under-
lying PC cylinders. In Fig. 4 (b), Pd is highly sensitive

(a) (b)

FIG. 2. For Ref. [3] in this Figure, the even-numbered surface cylinders with N = 9 are displaced. For Ref. [7] in
this Figure, the odd-numbered surface cylinders with N = 9 are displaced. (a) Directed power Pd versus surface cylinder
displacement Δz. (b) Power incident upon the cross section at z = 41a, normalized to each maximum value. We call
the condition of Ref. [7] with Δz = +0.4a as Termination A, that of Ref. [3] with Δz = +0.5a as Termination B, and
that of Ref. [3] with Δz = -0.3a as Termination C.
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to rs-1 up to a certain value of rs-1 = 0.135a at which
maximum Pd is obtained. However, the deviation of rs-1
from r = 0.18a of the PC cylinders does not seem to
enhance the power significantly. We note that ns = 3.6
and rs-1 = 0.135a are the optimal values used in Ref.
[7] and that Pd is highly sensitive to these two para-

meters. The abrupt variation of Pd around rs-1 = 0.11a
in Fig. 4 (b) may be from the numerical inaccuracy
originating from the staircase approximation used in
resolving circular structures, even though the grid size
of a/64 used here is small enough for most cylinders.
Figure 5 presents the intensity distributions of the

(a) (b)

(c) (d)

FIG. 3. (a) Directed power Pd versus the number of displaced surface cylinders, N; (b), (c), and (d) Power incident
upon the cross section at z = 41a, normalized to each maximum value, for Termination A, B, and C, respectively.

(a) (b)

FIG. 4. Directed power Pd versus (a) the refractive index of surface cylinders, ns, with rs-1 = 0.135a and (b) the
radii of near-surface cylinders, rs-1, with ns = 3.6, both for Termination A.
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directional emission from the three terminations. For
Termination A in Fig. 5 (a), which is an optimum con-
dition of Ref. [7], we see a well-collimated directional
beam, almost identical to the result given in the
reference. Termination B in Fig. 5 (b) is the condition
that we have found in this work. This condition excites
another well-collimated directional beam comparable
to one in Fig. 5 (a). Termination C in Fig. 5 (c) is the
condition described in Ref. [3]. This termination also
excites a directional beam that seems to be collimated,
but not as well as the previous two figures.
As described above, the wave-vector space representa-

tion enables one to compare spatial patterns of dif-
ferent directional beams. Figure 6 gives the results by
the Fourier analysis in the wave-vector space for the
three terminations. The equifrequency contour present
in the wave-vector space is a locus of the wave vectors
of possible propagating waves [21]. It is a circle in a
two-dimensional, homogeneous, and isotropic medium
such as air. Bright areas on the contour are the com-
ponents of the wave vectors that are excited by actual
propagating waves. Figures 6 (a) - 6 (c) show excited

wave vector components for Termination A, B, and C,
respectively. We note here that the width of an excited
wave vector is inversely proportional to the width of
a beam in real space. Comparing Figs. 6 (a) and 6 (b),
we see that the widths of the main bright areas at the
center are almost comparable, although Fig. 6 (b) has
other bright components away from the center. This
fact is consistent with the similarity of the intensity
distributions in Figs. 5 (a) and 5 (b). Figure 6 (c) shows
the much narrower width of the excited wave vector,
which is again consistent with the wider directional
beam shown in Fig. 5 (c). Figure 6 might be somewhat
difficult to recognize visually due to the black-and-white
printing. So the reader is advised to see many color
figures for the equifrequency contours of air in Ref. [21]
and to compare them to Figure 6.

V. CONCLUSION

In this paper, we have numerically investigated by
the finite-difference time-domain method the effects of

(a) (b) (c)

FIG. 5. Intensity distribution of directional emission for: (a) Termination A; (b) Termination B; (c) Termination C.

(a) (b) (c)

FIG. 6. Wave-vector space representation of directional emission by the Fourier analysis for: (a) Termination A;
(b) Termination B; (c) Termination C.
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surface termination on directional emission exiting a
photonic crystal waveguide. The directed power and
far-field beam profile for the conditions of the original
report and the subsequent report on its enhancement
have been computed for different values of some im-
portant parameters. We have found another surface
termination condition with a positive surface displace-
ment in the structure of the original proposal which
has a negative surface displacement. Our surface ter-
mination is more effective than the original structure,
and nearly as effective as the termination for the en-
hancement, for directional emission. Our termination
does not require the increased index of surface cylinders,
decreased radii of near-surface cylinders, and source
frequency adjustment. So our termination is simpler
than the one for the enhancement. We have confirmed
the effectiveness of directional emission from our termi-
nation in its far-field beam profile, radiation intensity
distribution, and additionally the wave-vector space
representation by the Fourier analysis.
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