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I nterfaces of Photonic Crystals for High Efficiency Light Transmission
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Input and output interfaces of photonic crystals are discussed for high efficiency transmission of light. The discussion focuses
on the frequency range higher than the photonic bandgap, at which a small group velocity of light, the superprism effect, the
strong structural birefringence and the negative refractive index effect are expected. The two-dimensional photonic crystal
of triangular lattice airholes in a high-refractive-index dielectric medium is assumed as the fundamental model. The finite
difference time domain simulation shows that two types of interfaces improve the transmission efficiency. One is composed of
small airholes and the other is composed of projected airholes. In particular, the latter generates a wide transmission band of
~ 0.1 times the center frequency with the maximum efficiency-6f01 dB against the normal or slightly inclined incidence of

the TE-polarized wave.
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1. Introduction dependence of this effect on the polarization and angle of in-

Photonic crystals (PCs), i.e., multidimensional periodig'dem waves and discuss its possibility for practical use.

structures, have attracted much attention due to their novil
concept of optics combined with solid-state physics and theif
crystallography, and also due to the potential of applications For all calculations in this paper, we assume 2-D models
in various devices in next-era optoelectronic systems. As aprich are infinite in the third dimension. The fundamen-
plications, their use in defect lasers and waveguides is stu@dd model of the PC and the corresponding Brillouin zone
ied by many groups. Since they utilize the forbidden phoare shown in Fig. 1. As examples, the refractive index of
tonic bandgap (PBG), we can call them reflection-type dehe background dielectric medium is assumed to be 3.065 for
vices. Also, there are some reports on transmission-type dée transverse-electric (TE) polarization with the electric field
vices, which utilize peculiar dispersion characteristics of alE parallel to the 2-D plane, and 2.635 for the transverse-
lowed bands above the PB&g., a narrow band filter, a dis- magnetic (TM) polarization witlE perpendicular to the 2-D
persion compensator and an optical deflector based on thiane. These are modal indexes of an airbridge PC slab with
superprism effect;® nonlinear devices based on the small material index of 3.5 and thickness of 0,3® at a wave-
group velocity’~® a polarization filter based on the struc-lengtha of 1.55.m.*¥ Recently, such PC slabs have become
tural birefringencé® and an image processor based on theery popular in studies of PC waveguides and photonic cir-
negative refractive index effe&t) However, discussions have cuits, because of their easy fabrication process. By assuming
mainly focused on the functions of PCs. Quantitative discushe above indexes, we expect that the calculated results in this
sions on light transmission efficiency are limited, althouglstudy can be used in other experiments and discussions, not
it is one of the most fundamental specifications of these denly on deep 2-D PCs but also on PC slabs. Strictly speaking,
vices. There are two major losses which degrade the trarR€ slabs require a full 3-D calculation. Therefore, a quanti-
mission efficiency, i.e., the diffraction loss inside the PC and
the reflection loss at input and output ends of the PC. The
former is an essential problem related to the dispersion char-
acteristics of photonic bandslt is negligible when the PC

is sufficiently large, or it may be reduced by using the colli-
mating effect with a flat equi-frequency curve in a dispersion
surface!? On the other hand, there are no discussions on the
reduction of reflection loss except for a brief commht.

In this paper, we discuss the reduction in reflection loss at
the ends of a two-dimensional (2-D) PC, through the finite
difference time domain (FDTD) calculation. As a fundamen-
tal model, we employ one of the most popular structures stud-
ied by many groups, i.e., PCs composed of triangular lattice
airholes in a high-refractive-index dielectric medium. First,
we show the relationship between photonic bands and trans-
mission spectra, and discuss the mechanism of reflection loss.
Then, we discuss two types of input and output interfaces. @ (b) © (d
One is composed of small airholes and the other is composeig. 1. Schematic of 2-D PCs of triangular lattice circular airholes in a
of projected airholes. We show that the latter is effective for dielectric medium. (a) Fundamental structure A composed of 9 rows of
reducing the reflection loss and improving the transmissionairholesj (b) structure .B with small airhole interfages, 'and (c) structure C

. . . . . with projected airhole interfaces. (d) shows the Brillouin zone of a PC.
efficiency in a meaningful wide spectral range. We show the

Condition of FDTD Calculation

—

5920



Jpn. J. Appl. Phys. Vol. 40 (2001) Pt. 1, No. 10

N 7Y

Transmission [dB]

2r/a=0.833

_50 1 1 1 LI 1 1 1
0 0.2 0.4 0.6 0.8

Normalized Frequency a/A
@

TRE\ and D. Q4SAKI

NV

5921

Transmission [dB]
b 5 &
o (=] o o
T T T

s

2r/a=0.520

1 1 1
0.2 0.4 0.6 0.8
Normalized Frequency a/A

(b)

|
A
(=]

o

Fig. 2. Photonic bands and transmission spectra for TE-polarized wave in structure A: () 2r /a = 0.833 and (b) 0.520.

tative discussion on PC dlabs is difficult with the 2-D calcu-
lation. However, the qualitative discussion is possible, since
projected 3-D bands for PC slabs™® are roughly evaluated by
2-D bands with the modal index approximation.

In FDTD calculations of transmission spectra, we first as-
sumethat the PC isinfinitely wide and its front and back ends
orient toward the '-J direction in the Brillouin zone. These
assumptions allows us to eliminate edge effects in a finite-
width PC and complicated scattering at uneven ends orienting
toward the I'=X direction, respectively, thus simplifying the
problem. Nine unit cells are assumed to be the length of the
PC in the '-X direction. Except for some cal cul ations shown
in 85, the incident wave is an infinitely wide, TE-polarized
plane wave propagating along the '-X direction. To simu-
late this condition, the calculation area is reduced to the unit
cell in the '-J direction by applying the periodic boundary
condition. In the FDTD algorithm, 60 square Yee cells di-
vide the calculation areain this direction. The front and back
ends of the analysis area are terminated by Berenger’s perfect
matched layer absorbing condition. For these ends, the reflec-
tion loss of morethan 140 dB is confirmed against the incident
wave. Theincident waveisexcited for the field perpendicular
to the 2-D plane on ahorizontal line closeto the front end with
the Gaussian time function. Poynting powers of incident and
reflected waves and that of the transmitted wave are measured
on other horizontal lines close to the front and back ends, re-
spectively. The transmission spectrum is evaluated from the
ratio of the transmitted power to the incident power after the
fast Fourier transform.

3. Transmission Spectra and Photonic Bands

The correspondence of transmission spectra using the
FDTD method and photonic bands using the plane-wave
expansion method'® is demonstrated in Fig. 2. Here,
2r/a = 0.833 and 0.520 are assumed, where 2r is the air-
hole diameter and a is the pitch of the triangular lattice. To
minimize the digitizing error in the FDTD algorithm, the 2r
assumed in the FDTD is optimized so that the total area of
Yee cells in one airhole is closest to the target area 7r? as-
sumed in the plane wave expansion method. In Figs. 2(a)

and 2(b), the frequency range exhibiting very low transmis-
sion corresponds to the PBG. Almost perfect transmission
with some Fabry—Perot resonance is observed at lower fre-
guencies than the PBG. On the other hand, spectra are much
more complicated at higher frequencies due to the strongly
modulated photonic bands exhibiting small group velocities,
ministopbands and uncoupled modes. For larger airholes,
the transmission efficiency at these frequencies is less than
—5dB. Figure 3(a) shows the magnetic field distribution of
light. Here, we assume the finite-width PC and the calcula-
tion area absolutely terminated by the absorbing condition in
order to gain a better understanding of the field profile inside

Fig. 3. Distribution of TE-polarized Gaussian-pulsed wave (magnetic field
normal to the 2-D plane) with center normalized frequency a/A» = 0.665
instructures A (a) and C (b) with 2r /a = 0.833. For structure C,b/2r =8
is assumed.
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and outside the PC and of the additional edge effects at the PC
edge. The Bloch wave inside the PC at these frequencies spa-
tially oscillates in both I'-X and I'-J directions. Therefore,
the coupling of the incident plane wave to the Bloch wave
is essentially inefficient. Uncoupled waves are converted to
reflected waves and scattered in various directions that sat-
isfy the Bragg diffraction condition. For smaller airholes, the
transmission efficiency isimproved due to the shallow oscilla-
tion depth of the field in the M'-J direction and relatively slow
transition from the incident plane wave to the Bloch wave in
the crystal. A similar improvement is expected for a lower
index background medium. However, this weakens the inter-
action between the PC and the incident wave, and essentially
increases the required length of the target PC device. There-
fore, such simple designs are not acceptable, and some addi-
tional modification of the structure is necessary, if one aims
to achieve asmall device.

Regarding modifications, we investigate two types of input
and output interfaces. Oneis structure B with small airholes,
as shown in Fig. 1(b). It effectively realizes the intermedi-
ate refractive index layer between the PC and the background
medium. The other is structure C with projected airholes, as
shown in Fig. 1(c). It realizes the adiabatic transition of light
wavesin the gradually transformed structure.

4. Small AirholeInterface

In general, asimple dielectric interface between two media
with refractive indexes n; and n, is made antireflective by in-
serting another medium with an intermediate index of ,/nin;
and an odd-multiple thickness of the quarter-wavelength in
the medium. The small airhole interface has a similar effect.
A line of small airholes has an effective intermediate index
between the effective index of the PC and the background in-
dex. Figure 4(a) shows transmission spectrafor a PC with the
interfaces at both front and back ends, a PC with the inter-
face at only the front end, and the PC without the interface.
Evidently, apair of interfaces improves the transmission effi-
ciency. Inparticular, at a/A = 0.693, the maximum efficiency
isover —1dB. Figure 4(b) shows the dependence of the ef-
ficiency on the normalized radius of the small airholesr’/r.
Maximum efficiency is achieved at r’/r = 0.59. This opti-
mum radius is explained by the intermediate index, as men-
tioned above. The effective index of the PC, which is esti-
mated from the slope of the lowest photonic band at the low
frequency limit, is 1.57, while that of a PC composed of the
small airholesis 2.17. The latter is equal to the intermediate
index between the effective index of the PC and the back-
ground index of 3.065. However, as observed in Fig. 4(a), the
high transmission range is too narrow to make it applicable to
some practical devices. In addition, the spectral behavior isso
complicated that further discussion on physical phenomenain
this structure may be difficult.

5. Projected Airhole Interface

Regarding antireflective structures, various projected in-
terfaces have been studied in the fields of radio waves and
optics. In particular, a dielectric surface with many random
projections smaller than the optical diffraction limit acts as a
wideband antireflection coating. For PCs, on the other hand,
structure C with periodic projections is more reasonable to
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Fig. 4. Transmission characteristics of TE-polarized wave in PCswith and
without small airhole interface. 2r /a = 0.833. (a) Transmission spectra.
Solid and dotted linesindicate structures B and A, respectively. The dashed
lineindicates the intermediate structure in which only theinput end hasthe
small airhole interface. For small airholes, 2r'/a = 0.435 is assumed. (b)
Dependence of the maximum transmission efficiency on normalized radius
of small airholesat a/A = 0.693.

investigate, since the transmitted wave in the PC is not a free
traveling wave but a set of Bloch waves.

The transmission spectrum is shown in Fig. 5(a), where
the projection length b normalized by the airhole diame-
ter 2r is assumed to be 3. In a wide frequency range of
a/) = 0.59-0.67, the transmission efficiency is increased to
> —0.5dB. Maximum efficiency reaches —0.01dB. The an-
tireflection effect is clearly observed through the comparison
of three cases similar to that in Fig. 4(a). Thefreguency range
is shifted by changing the projection length. Similarly, the ef-
ficiency at a specified frequency depends on the projection
length, as shown in Fig. 5(b). The efficiency exhibits peri-
odic characteristics with the change in the projection length.
This can be understood from the field profile, as shown in
Fig. 3(b). The phase difference of the incident wave occurs
between inside and outside the projected airholes. When the
phase shift matches that of the Bloch wave inside the PC, the
transmission efficiency achieves a maximum. Thisisthe rea-
son of the periodic characteristic against the projection length
and its frequency dependence. When the normalized projec-
tion length is 0.5-1, each projection has 45°—60° boundaries.
They act as corner mirrors which significantly suppress the
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Fig. 5. Transmission characteristics of TE-polarized wave in PCswith and
without projected airhole interface. 2r /a = 0.833. (@) Transmission spec-
tra. Solid and dotted lines indicate structures C and A, respectively. The
dashed line indicates the intermediate structure in which only the input
end has the projected airhole interface. For projected airholes, b/2r = 3
is assumed. (b) Dependence of transmission efficiency on the normalized
length of projected airholes. Solid lineindicatesa/1 = 0.548 and dash-dot
line 0.665.

transmission. Figure 5(b) indicates that the optimum b/2r
is nearly 4. However, thisis not an essential length, but one
originating from the digitized model of the FDTD calculation.
At thisb/2r or its odd multiple, the reflection at small steps
of the projected airholes expressed by Yee cellsis negated by
each other. When b/2r ~ 8, the maximum transmission ef-
ficiency in Fig. 5(b) is limited to around —1dB due to the
opposite condition. Actualy, however, this length will also
achieve a high efficiency closeto 0dB.

Thus far, TE polarization has been assumed. Let us check
transmission characteristics for TM polarization. Figure 6(a)
shows transmission spectra for PCs with and without pro-
jected airhole interfaces. The spectral shapes are very dif-
ferent from those for TE polarization, since there are two
PBGs. Even at frequencies outside the PBGs, the improve-
ment of the transmission efficiency by the interfaces is not
evident. The dependence of the efficiency on the normalized
projection length is shown in Fig. 6(b). Maximum efficiency
is limited to —3dB. This low value is due not to the dig-
itized model, but to the essential reflection of the structure.
This reflection cannot easily be explained quantitatively. We
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Fig. 6. Transmission characteristics of TM-polarized wave with and with-
out projected airhole interfaces. 2r /a = 0.833. (@) Transmission spectra.
Solid and dotted lines indicate structures C and A, respectively. For pro-
jected airholes, b/2r = 3 is assumed. (b) Dependence of transmission
efficiency on the normalized length of projected airholes. Solid line indi-
catesa/1 = 0.501 and dash-dot line 0.628.

consider that the TM-polarized wave undergoes large Fresnel
reflection at the inclined boundaries of the projected airholes,
while the existence of the Brewstar angle reduces this reflec-
tion for the TE-polarization.

Figure 7 shows the dependence of the maximum transmis-
sion efficiency for TE polarization on the angle of theincident
wave measured from the I'—X direction. Here, we used a PC
model with finite width. Even when thewidth isaslarge as50
unit cells, the incident wave suffers strong diffraction in the
'-J direction by the small group velocity effect and partly
by the superprism effect. This results in an excess loss of
more than 3dB. To investigate the angle dependence sepa-
rately from the diffraction effect, resultsin Fig. 7 are plotted
as the change of the efficiency against the normal incidence.
Although it is not explicitly displayed in Fig. 7, the absolute
value of the efficiency is much higher in the PC with the pro-
jected airhole interface than without the interface. However,
Fig. 7 indicates that the efficiency is degraded more sensi-
tively when the PC has the interface. Efficiency over —1dB
isonly maintained for an inclination angle of less than 3°.
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Fig. 7. Change of transmission efficiency with inclination angle 6 of
TE-polarized incident wave. 2r /a = 0.833 and a/A = 0.650 are assumed.

6. Conclusion

The FDTD simulation shows that the small airhole inter-
face and the projected airhole interface improve the transmis-
sion efficiency at a frequency range higher than the PBG in a
triangular lattice airhole PC. In particular, the latter allows
a high transmission efficiency of a maximum of —0.01dB
within the frequency range of 0.1 times the center frequency.
Such efficiency is sufficiently high and such afrequency range
is sufficiently wide, when phenomena such as the small group
velocity and superprism effect of the PC are used in actual
applications. This interface is only effective for TE polar-
ization with an inclination angle of less than 3°. Still, we
believe that this interface is practicable, since most of the
functional effectsin photonic crystals at the higher frequency
range are expected for normal or dightly inclined incidence

T. BABA and D. OHSAKI

of the TE-polarized wave.
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