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Disorder-induced modification of the transmission of light in a two-dimensional photonic crystal
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We report on the modeling of light transmission in disordered two-dimensional photonic crystals with an
incomplete photonic band gap. The disorder leads to a decrease in light attenuation in the transmission dip
corresponding to the photonic band gap. We show that the scattered transmission can differ substantially from
the straight one and that the minimum of this scattered transmission does not correspond to the center of the
photonic band gap. The disorder smoothes and broadens the attenuation dip that appears in transmission
spectra and can create an asymmetric shape. The straight transmission has a thresholdlike behavior as a
function of disorder and sustains a certain amount of disorder before changing.
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I. INTRODUCTION

Photonic crystals~PC’s! have attracted considerable inte
est for their ability to confine, manipulate, or guide light a
also for their potential to inhibit spontaneous emission.1–5

One of the main technological problems which prevent
use of three-dimensional~3D! self-organized PC’s like opal
for the fabrication of optoelectronic devices is the occurre
of disorder inherent to the growth process:6–9 the spheres
forming opals exhibit a certain dispersion in radius and d
placement of their position in the crystalline lattice.10 Also
opals include stacking faults.11 It is also worth noting that
structures obtained by lithography in the 2D case alw
contain roughness of the surfaces and imperfections du
the etching process.12 The presence of defects in the crysta
line photonic lattice can then damage the photonic band
~PBG! by filling it with localized photonic states.10

In a PC with a finite thickness, a PBG creates an atte
ation of the transmitted light which results in a dip in th
transmission spectrum. One of the characteristics of the
pearance of localized photonic states inside the PBG~which
could be experimentally measured! is a decrease in the a
tenuation of the dip.10 The aim of the present work is t
analyze the influence of disorder on this dip. For the o
dimensional case, it is known that a certain critical thresh
‘‘amount of disorder’’ is required for the damaging of th
dip.13 A natural question is, will the same behavior be o
served in the case of 2D systems? In the 2D case, the p
erties of the PC according to the different directions of lig
propagation can differ substantially. Recent numerical m
eling studies have obtained important results on the disor
induced modification of the light propagation and density
modes in PC’s,14–17 but the explanation of the physical na
ture of the obtained phenomena remains an actual task
this paper, we perform a systematic analysis where we s
rate straight and scattered transmissions. The subject o
study is the case of a PBG that exists only for certain p
ticular directions, the so-called incomplete PBG. This sit
tion is particularly important in opal-based PC’s becaus
corresponds to the lowest PBG which is generally stud
along the@111# natural growth direction of opals.18 Such a
situation can be implemented in the case of hexagonal
PC’s formed by air cylinders,19 as shown in Fig. 1.
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II. RESULTS AND DISCUSSION

Figure 2 shows the photonic band structure of a 2D h
agonal PC for the TM electromagnetic modes~for which the
electric field is parallel to the cylinders and the magne
field lies in the plane perpendicular to the cylinders!, calcu-
lated by the plane-wave method.19 The refractive index of
the material is 3.6 and the radius of the cylinderr 050.4d
~where d is the distance between the centers of the t
neighboring cylinders!. An incomplete PBG exists in the
G-M direction of the Brillouin zone, centered at the fr
quency f d/c50.2212 . . . , with a relative width of about
0.15. When the propagation direction shifts toward theG-K
direction, the PBG becomes smaller and closes comple
for the G-K direction.

In experimental studies, there are two main schem
which analyze eitherstraight transmission~when the trans-
mitted wave has the same direction of propagation as i
dent light! or total transmission~all the waves, emerging
from the rear side of the sample, which includestraight and
scatteredwaves, for which direction of the propagation di
fers from the direction of the incident light!, as shown in Fig.
1. Conducting the modeling of the light transmission, we w

FIG. 1. Schematic view of the supercell of the disordered h
agonal structure. The black circles correspond to air cylinders. S
arrows illustrate incident light and light transmitted in the sam
direction as incident light. Dotted arrows indicate the scatte
light. For the particular configuration of the structure the deviat
of the cylinder radiusd50.25. The Brillouin zone of ideal hexago
nal structure is also shown.
©2002 The American Physical Society01-1
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then separate the contribution of straight and scattered tr
missions.

Figure 3 shows the result of the modeling of thestraight
andscatteredlight transmission through the hexagonal stru
ture shown in Fig. 1, for various ‘‘amounts of the disorde
described by a deviationd in the cylinder radius, which is
uniformly distributed in the interval fromr 0(12d) to r 0(1
1d). Calculations have been conducted by a combination
the transfer matrix method and the multiple-scattering te
nique, using the publicly available computer code by B
et al.20 Each cylinder was described by a 736 mesh. Peri-
odic boundary conditions were used at the left and right si
of the structure which consist of a supercell of 323 cylind
~17 rows by 19 cylinders! and ensure sufficient convergen
in the frequency range under study. The value of deviat
used in our modeling wasd50.05,0.1,0.15,0.2, and 0.25
For comparison, the straight transmission spectra of an i
structure are shown by a dashed line, and it can be seen
at the minimum of the transmission dip light attenuation e
ceeds 104. Note that the light does not experience scatter
in the case of the ideal structure, since this gap is below
diffraction cutoff.

Insertion of the disorder into the PC leads to substan
modifications of the transmission spectra. In the case o

FIG. 2. Photonic band structure of the ideal~without disorder!
hexagonal structure under study for the TM polarization. The in
shows the hexagonal Brillouin zone. Light scattering from evan
cent photonic states into passed photonic states is illustrate
dashed arrows.
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single configuration of disorder, as can be seen from Fig
small peaks disrupt the transmission dip of thestraight light.
These spikes are associated with photonic states localize
the direction of the light propagation. Furthermore, in co
trast to the case of the ideal structure, scattered light appe
and the transmission dip for the scattered light has an as
metric shape, with the minimum shifted towards the hig
frequency edge of the PBG. It is worth noting that the sc
tered transmission is more than 10 times as large as
straight one, so its effect will be largely dominant in the to
transmission. In order to simulate experimentally observ
spectra of real PC’s, which are always~more or less! disor-
dered and usually exhibit a smooth dip in the area of
PBG,13 we have averaged such calculated spectra over
ferent disorder configurations. Thick lines show the transm
sion spectra averaged over 20 configurations and addition
smoothed down, to remove remaining traces of the spik
For d50.05, we find that the averaged transmission spe
of the straight light almost coincides with that of the ide
structure.

With the increase of the disorder, more and more spi
appear in the transmission dip, their amplitude increas
and, on average, the attenuation decreases. Averaged sp
for thestraight light exhibit a small distortion, and the mini
mum moves slightly toward higher frequencies. Averag
spectra for thescatteredlight retain their asymmetric, trian
gular shape. Note also the broadening of the transmission
in the averaged spectra with increase of disorder. When
deviationd becomes as large as 0.25, the triangular shap
the averaged spectra of scattered light begins to smoo
out.

The shape modification of the scattered spectra can
explained by the following simple physical arguments. Su
pose that the frequency of an incident light, propagat
along theG-M direction, corresponds to the PBG. Cons
quently the states excited by this light inside the PC
evanescent states, experiencing an exponential attenu
when propagating through the PC. Due to disorder,
propagation direction of these states can change and e
propagating states with the wave vector lying on theM -K

t
-

by
ii of
eraged
FIG. 3. Transmission spectra for the ideal~dashed lines! and disordered structures, characterized by different deviation in rad
cylindersd:0.05;0.1;0.15;0.2;0.25. An example of the spectrum for a single configuration of disorder is shown by thin lines. Av
transmission corresponds to thick lines. Solid and dotted lines refer to the straight and scattered transmissions, respectively.
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branch of dispersion curves, as illustrated in Fig. 2. In ot
words, due to disorder, light can be scattered from evan
cent states into propagating states and thus propagate to
the rear side of the sample without attenuation. Anot
~more probable! possibility is that the light experiences sca
tering from one evanescent state into another evanes
state, which is characterized by a lower attenuation lengt
can be seen from Fig. 2, that for the structure under stu
scattering of light from evanescent states into propaga
states~or into evanescent states closer to the gap edge, w
attenuation is weaker! can be more easily achieved at th
low-frequency side of the PBG, since a smaller modificat
DkW of the wave vector in theM -K branch is required for
such scattering as shown in Fig. 2. This is the reason why
averagedscatteredtransmission coefficient increases fas
on the low-frequency side than on the high-frequency side
the dip. This leads to a shift of the minimum towards t
high-frequency side. In general the direction of the shift
the spectral minimum will depend on the relative curvatu
of the lower and upper bands.

The same explanation can be given for the slight dis
tion of the dip in the straight case: light propagating in t
G-M direction scatters from the evanescent state into
propagating state, allowing propagation without attenuat
toward the rear side of the sample, and then scatters a se
time and goes back into the mode propagating in theG-M
direction. Since this is a second-order process, only m
modifications of the dip shape occur and a slight shift of
minimum takes place.

Figure 4~a! shows the dependences as a function of d
order of the frequency of the minimum forstraightandscat-
tered lights. When the disorder is smalld50.05, the fre-
quency of the minimum of straight light corresponds to t
center of the PBG, while for thescatteredlight this minimum
is shifted by more than 4% towards the high-frequency e
of the PBG. With an increase of disorder, the frequency
the minimum for thescatteredlight decreases, while for the
straight light this minimum moves towards slightly high
frequencies until the larger value of disorderd50.20 and
then pulls back.

In Fig. 4~b! we plot the corresponding transmission co
ficient at the minimum~TCAM!. Two fundamentally differ-
ent behaviors of the TCAM are found according to t
straight or scattered character of the transmission. For
scattered light, the TCAM has a huge variation of more th
two orders whend varies between 0.02 and 0.25. It grow
rapidly with an increase of disorder whend is small, but
further growth slows down. For the straight light, the TCA
exhibits a thresholdlike behavior, similar to the on
dimensional case.13 Whend is below 0.05, there is almost n
variation of the TCAM. Aboved50.05, the TCAM in-
creases but with a slower increase than in the scattered
Here is evidence that a certain amount of disorder, wh
should be related to the relative gap width, does not dam
the straight attenuation due to the PBG.
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III. CONCLUSION

To conclude, we have shown that thescatteredtransmis-
sion ~which is dominant in the total transmission! of disor-
dered PC’s with an incomplete PBG can differ substantia
from thestraight one. Thescatteredtransmission presents
strong modification as a function of disorder. On the co
trary, thestraight transmission is more tolerant since it has
thresholdlike behavior as a function of disorder and th
sustains a certain amount of disorder before changing.
to disorder, transmission spectra present an asymmetr
shape which is related to the dispersion of the incomp
PBG in reciprocal space. Hence, the minimum of thescat-
tered transmission does not correspond to the center of
PBG. This effect can lead to a substantial error in the po
tioning of incomplete PBG’s~like the lower PBG’s of opal-
based PC’s! when assigning the gap center to the minimu
of transmission as is usually done in transmission studie
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FIG. 4. ~a! Spectral position of minimum in the averaged tran
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