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Effect of disorder on photonic band gaps
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We study the transmission of electromagnetic waves propagating in three-dimensional disordered photonic
crystals that are periodic on the average with a diamond symmetry. The transmission has been calculated using
the transfer matrix method. We study two different geometries for the scatterers: spheres and rods connecting
nearest neighbors. We find that the gaps of the periodic structure survive to a higher amount of disorder in the
rods’ case than in the spheres’ case. We argue that this is due to the connectivity of the rod structure that exists
for any amount of disorder.@S0163-1829~99!04120-X#
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I. INTRODUCTION

Photonic crystals are a class of artificially fabricat
structures that have the ability to control and manipulate
propagation of electromagnetic~em! waves. Properly de-
signed photonic crystals can prohibit the propagation
light, allow it only in certain frequency regions, or localiz
light in specified areas. They can be constructed in one, t
and three dimensions with either dielectric or/and meta
materials.1–3

Photonic band gaps can have a profound impact on m
areas in pure and applied physics. Due to the absenc
optical modes in the gap, spontaneous emission is suppre
for photons with frequencies in the forbidden region. It h
been suggested that, by tuning the photonic band ga
overlap with the electronic band edge, electron-hole reco
bination can be controlled in a photonic band gap mater
leading to enhanced efficiency and reduced noise in the
eration of various optoelectronic devices.1–3 Besides techni-
cal applications in various areas, scientists are intereste
the possibility of observing the localization of em waves
the introduction of defects and disorder in a photonic ba
gap material.4 This will be an ideal realization of the phe
nomenon of localization uncomplicated by many-body
fects present in the case of electron localization.

In this paper we study the transmission properties of th
dimensional photonic crystals that are periodic on the av
age. The photonic crystals have the diamond structure.
scatterers are either spheres or rods connecting nearest n
bors. In both cases there is a full band gap5 and this is the
reason for studying diamond structure. Disorder has b
introduced by disturbing the position of each lattice point.
addition, for the case of rods, we randomly break the c
nection of the dielectric network.

We use the transfer matrix method~TMM !, introduced by
Pendry and MacKinnon,6 to calculate the em transmissio
through a photonic crystal with defects. In the TMM the to
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volume of the photonic crystal is divided in small cells a
the fields in each cell are coupled with those in the nei
boring cells. Then the transfer matrix can be defined by
lating the incident fields on one side of the photonic crys
to the outgoing fields on the other side. Using the TMM, t
band structure of an infinite periodic system can be cal
lated, but the main advantage of this method is the calc
tion of transmission and reflection properties of em waves
various frequencies incident on a finite thickness slab
PBG material. In that case, the material is assumed to
periodic in the directions parallel to the interfaces. The TM
has previously been applied to defects in two dimensio
photonic band gap~PBG! structures,7 photonic crystals with
complex and frequency dependent dielectric constants,8 me-
tallic PBG materials,9,10 and angular filters.11 In all these
examples, the agreement between theoretical calculat
and experimental measurements was very good.

II. RESULTS AND DISCUSSION

We study PBG materials with a diamond lattice symm
try. Thek vector of the em waves is along the~001! direction
and the thickness of the system along that direction isL
3a ~a is the lattice constant of the diamond lattice, which
1.27 cm in the following cases!. In all the casesL520.
Along the~100! and~010! directions we use a supercell th
containsM conventional cubic cells; periodic boundary co
ditions are assumed along the edges of the supercell.
disorder12 is introduced by moving the lattice points from
their ideal positions in a diamond lattice, so thex, y, andz
components of the position of thei th lattice point in the
random system differ from those of the periodic case bygxa,
gya, andgza, respectively;gx , gy , andgz are random vari-
ables uniformly distributed over the interval@2d,d#. Due to
computer time constraints,^ ln(T)& is calculated from an av-
erage over eight configurations. Each conventional unit
is divided intoN3N3N points. The localization length is
given by13,14
12 767 ©1999 The American Physical Society
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l 52
2La

^ ln~T!&
, ~1!

where thê ln T& is the logarithmic average of the transmi
sion over eight different configurations.

We first study the convergence of our results relative
the number of subcellsN. Figure 1 show the localization
length forN57 and 9 for rods connecting nearest neighb
in diamond lattice. In both cases the filing ratio of the diele
tric rods is f 50.25, the dielectric constante510, d/a
50.2, andM52. The results for bothN57 and 9 are simi-
lar, except from a constant shift of 0.5 GHz. There is a mi
mum in both curves~Fig. 1! at 12.5 and 13 GHz forN57
and 9, respectively. We can explain that difference by exa
ining the corresponding periodic case~Fig. 2!. The width of

FIG. 1. Localization lengthl vs frequency for a PBG with dia
mond lattice symmetry consisting of rods connecting nearest ne
bors surrounded by air. The dielectric constant of the rods is 10
their filling ratio is 0.25. The lattice constant isa51.28 cm, M
52, L520, and the strength of the disorder isd50.2. Solid and
dashed lines correspond toN57 and 9, respectively.~See the text
for more details.!

FIG. 2. Localization lengthl vs frequency for aperiodicphoto-
nic crystal similar to the one described in Fig. 1. Solid and das
lines correspond toN57 and 9, respectively.
o
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the gap is smaller for theN57 case~compare the solid and
dashed lines in Fig. 2!. Also, the midgap frequency is at 13.
and 14 GHz for theN57 and 9 cases, respectively. Appa
ently, the midgap frequency is smaller for theN57 case and
this is something that we observe even in the disorder c
~compare the two lines in Fig. 1!.

The error bars in the figures indicate the standard de
tion of the localization length. The mean value of the loc
ization length is in the center of the error bars. In the ca
where part of the photonic band gap survives under disor
the standard deviation of the localization length is small
frequencies inside the gap. In all the other cases, the stan
deviation of the localization length is big, indicating big flu
tuations of the transmission in different samples.

Since there are trivial differences between theN57 and 9
cases that can be explained by comparing the correspon
periodic cases, we choose to work with theN57 case. This
will allow us to study even bigger supercells since the C
time and the memory in the transfer matrix method depe
on ~M3N)6. By comparing the results forM52 and 3
~solid line in Fig. 1 and dotted line in Fig. 3!, we find that
they are almost the same for frequencies around the m
mum ~at around 12.5 GHz!. The localization length is longe
for the M53 case and for higher frequencies. However,
important point is the drop of the localization length at 12
GHz, which is the reminiscent of the gap of the correspo
ing periodic case. This is consistent in both theM52 and 3
cases. In fact, the localization length at the minimum is
most the same in both cases. It is really surprising that
gap survives to such a high amount of disorder. For a sma
amount of disorder (d/a50.15; see the dashed line in Fig
3!, the drop of the localization length that is the remnant
the periodic gap is even more prominent. As we can see
comparing the solid and dotted lines in Fig. 3, the localiz
tion length at the minimum is smaller and the drop of t
localization length is wider for thed50.15 case than for the
d50.2 case. So, as we expect, the distortion of the photo
band gap due to the disorder decreases as the strength o
disorder decreases.

h-
d

d

FIG. 3. Localization lengthl vs frequency for a photonic crysta
similar to the one described in Fig. 1. Dotted and dashed li
correspond tod50.2 and 0.15, respectively. In both cases,M53
andN57.
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In order to show how unexpected the survival of the g
to such a high amount of disorder was, we calculate
average number of neighbors in a distorted diamond lat
as a function of the distanceD from a lattice point. Ford
50.05 ~solid line in Fig. 4!, the first three peaks correspon
to the locations of the first three nearest neighbors in
corresponding periodic case. Ford50.1 ~dotted line in Fig.
4!, the first peak atD/a50.433 has almost disappeared a
only a small peak appears between the second and third n
est neighbors (D/a50.8). Ford50.15 ~dashed line in Fig.
4!, all the peaks have disappeared. That means that fod
.0.1, any notion of nearest neighbors has been elimina
So the existence of the gap for such high amounts of diso
(d50.2) is not related to the nearest neighbor interact
effects as in the case of electrons in disordered semicon
tors, such as Si. In that case it has been suggested tha
though the atoms in the semiconductor have random p
tions, the tetrahedral symmetry is still present. This is due
the interaction of the electrons in one atom with the electr
in the first neighboring atoms and this is the reason for
existence of the gap in semiconductors even in their dis
dered phases. Here, in the electromagnetic case, the
tence of the gap is related to the connectivity of the h
dielectric material. Note that the connectivity of the structu
exists in any amount of disorder. Earlier studies sugges
that periodic structures with network topology~connected
structures! give rise to wider gaps for electromagnet
waves.15,16 For scalar and elastic waves the cermet topolo
~isolated scatterers! favors the formation of band gaps.15,16

We have also studied photonic crystals with diamo
symmetry consisting of air spheres in a material with diel
tric constant 10. The filling ratio of the air spheres is 0.7
N57, andL520. Figure 5 shows the localization length f
d50.05. There is good convergence between the results
M52 and 3~compare the solid and dotted lines in Fig. 5!.
There is a minimum ofl at around 14 GHz, which is the
remnant of the gap of the corresponding periodic case. H
ever, by further increasing the disorder the gap disappe
Figure 6 shows the localization lengthl as a function of the

FIG. 4. Average number of neighboring atoms vs the separa
distantD normalized to the lattice constanta. The structure is dia-
mond withd50.05, 0.1, and 0.15~solid, dotted, and dashed line
respectively!. The vertical lines indicate the locations of the neig
bors in a periodic diamond lattice.
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frequency for two different widthsM52 and 3; in both
casesd50.1. Although the results are not very converge
relative to the widthM ~except for the frequency 12 GHz!, it
is clearly seen that the gap, which appears between 12.8
14.2 GHz in the periodic case, has almost disappeared. I
place a region of localized states has appeared with a lo
ization length of around 12a. Also note that the the standar
deviation of the localization length is high for almost all th
frequencies. This is one more indication that states exis
the region where the photonic band gap of the periodic c
used to be. The reason for the disappearance of the ga
such a small amount of disorder relative to the previous c
nected structures is related to the lack of connectivity of
the high dielectric material. By disturbing the positions
the lattice points, the air spheres start to overlap~in that case
the shape of air inclusions is no longer spherical!. That cre-
ates some voids in the structure and eventually the dielec

n

FIG. 5. Localization length vs frequency for a photonic crys
with diamond lattice symmetry consisting of air spheres with filli
ratio f 50.77 in a material with dielectric constant 10. The latti
constant isa51.28 cm and the strength of the disorder isd
50.05. M52 and 3 for solid and dotted lines, respectively.

FIG. 6. Same as in Fig. 5 ford50.1.
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network breaks. We also studied isolated dielectric sphe
with filling ratio 0.34 embedded in air. In the periodic cas
there is a full band gap.5 However, similarly to the air
spheres’ case, the gap disappears ford around 0.1.

Finally, returning to the rods’ case, we study the behav
of the localization length when the connectivity of the stru
ture is broken. The lattice points remain in their period
locations, but now we remove the dielectric material tha
inside a sphere of radius 0.18a. The center of this spher

FIG. 7. Localization length vs frequency for a photonic crys
with diamond lattice symmetry consisting of rods connecting ne
est neighbors surrounded by air. The dielectric constant of the
is 10 and their filling ratio is 0.25. The lattice constant isa
51.28 cm,M52, L520, andN57. The bonds are broken in 30%
and 50% of the lattice points~dotted and dashed lines, respectivel!.
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coincides with some lattice points that are chosen random
Again, the localization length is calculated by finding th
logarithmic average of the transmission over eight config
rations. By randomly breaking the network at 30% of th
lattice points~dotted line in Fig. 7!, a dip in the localization
length appears between 12.5 and 14.5 GHz, which is
reminiscent of the gap of the periodic case. However,
randomly breaking the dielectric network at 50% of the la
tice points~dashed line in Fig. 7!, the dip disappears. This is
one more indication of the importance of the connectivity
the dielectric material in the existence of the gap to a hi
amount of disorder.

III. CONCLUSION

We studied the transmission of electromagnetic wav
propagating into disordered photonic crystals that are pe
odic on the average. The periodic crystal has diamond sy
metry. Two different geometries were studied: spheres a
dielectric rods connecting nearest neighbors. Disorder w
introduced by randomly displacing the lattice points fro
their periodic positions. We found that the gaps of the pe
odic case survive for a high amount of disorder in the geo
etry of rods. For spheres, the gaps disappear at almost
the amount of disorder than for the rods’ case. We attrib
this to the connectivity of the dielectric material in the rod
geometry that exists for any amount of disorder.
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