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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 disordefS0163-18209)04120-X]|

[. INTRODUCTION volume of the photonic crystal is divided in small cells and

the fields in each cell are coupled with those in the neigh-

Photonic crystals are a class of artificially fabricatedboring cells. Then the transfer matrix can be defined by re-
structures that have the ability to control and manipulate théating the incident fields on one side of the photonic crystal
propagation of electromagneti@m) waves. Properly de- !0 the outgoing fields on the other side. Using the TMM, the
signed photonic crystals can prohibit the propagation off@nd structure of an infinite periodic system can be calcu-
light, allow it only in certain frequency regions, or localize lated, but the main advantage of this method is the calcula-

light in specified areas. They can be constructed in one, tw&ion of transmission and reflection properties of em waves of

and three dimensions with either dielectric or/and metallic’2"'O!S frequenmes incident on a f|n|t_e t_hlckness slab - of
materials—3 PBG material. In that case, the material is assumed to be

. : eriodic in the directions parallel to the interfaces. The TMM
Photonic band gaps can have a profound impact on man

areas in pure and apolied phvsics. Due to the absence HES previously been applied to defects in two dimensional
. pure. PP pNysICS. BT otonic band gagPBG) structures, photonic crystals with
optical modes in the gap, spontaneous emission is suppress

. g . . mplex and frequency dependent dielectric constants;
for photons with frequencies in the forbidden region. It has,tallic PBG material®:1® and angular filterd! In all these

2sgrrlla;uv%ﬁﬁitﬁg etlt;?:tt’ro?i/ctgglr:?;Qgeepgﬁetgt?g:n-?%?g rg?gﬂ:gxamples,. the agreement between theoretical calculations
" : . ._and experimental measurements was very good.
bination can be controlled in a photonic band gap material,
Iead_ing to enhanced efficiency_ and r_educed noise in th_e op- Il. RESULTS AND DISCUSSION
eration of various optoelectronic devices.Besides techni-
cal applications in various areas, scientists are interested in We study PBG materials with a diamond lattice symme-
the possibility of observing the localization of em waves bytry. Thek vector of the em waves is along tt@01) direction
the introduction of defects and disorder in a photonic bandand the thickness of the system along that directioth is
gap materiaf. This will be an ideal realization of the phe- Xa (ais the lattice constant of the diamond lattice, which is
nomenon of localization uncomplicated by many-body ef-1.27 cm in the following casgsIn all the cased =20.
fects present in the case of electron localization. Along the (100 and (010 directions we use a supercell that
In this paper we study the transmission properties of thregontainsM conventional cubic cells; periodic boundary con-
dimensional photonic crystals that are periodic on the averditions are assumed along the edges of the supercell. The
age. The photonic crystals have the diamond structure. Thdisordet? is introduced by moving the lattice points from
scatterers are either spheres or rods connecting nearest neidgieir ideal positions in a diamond lattice, so they, andz
bors. In both cases there is a full band Yapd this is the components of the position of thigh lattice point in the
reason for studying diamond structure. Disorder has beerandom system differ from those of the periodic case/fs,
introduced by disturbing the position of each lattice point. Iny,a, andy,a, respectively;y,, y,, andy, are random vari-
addition, for the case of rods, we randomly break the conables uniformly distributed over the intenjat d,d]. Due to
nection of the dielectric network. computer time constraintg|n(T)) is calculated from an av-
We use the transfer matrix meth6tdMM), introduced by  erage over eight configurations. Each conventional unit cell
Pendry and MacKinnoh,to calculate the em transmission is divided intoNXxNXxN points. The localization length is
through a photonic crystal with defects. In the TMM the total given by>**
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o o FIG. 3. Localization length vs frequency for a photonic crystal
FIG. 1. Localization lengtt vs frequency for a PBG with dia-  gjmjjar to the one described in Fig. 1. Dotted and dashed lines

mond lattice symmetry consisting of rods connecting nearest neighéorrespond tad=0.2 and 0.15, respectively. In both casbb=3
bors surrounded by air. The dielectric constant of the rods is 10 ang,qn=7. ’ ’

their filling ratio is 0.25. The lattice constant &=1.28cm, M
=2,L=20, and the strength of the disorderds-0.2. Solid and the gap is smaller for thBl=7 case(compare the solid and
dashed lines correspond k=7 and 9, respectivelySee the text dashed lines in Fig.)2Also, the midgap frequency is at 13.5

for more details. and 14 GHz for theN=7 and 9 cases, respectively. Appar-
ently, the midgap frequency is smaller for tNe=7 case and
2La this is something that we observe even in the disorder case
I=— My (1) (compare the two lines in Fig.)1

The error bars in the figures indicate the standard devia-
where the(InT) is the logarithmic average of the transmis- tion of the localization length. The mean value of the local-
sion over eight different configurations. ization length is in the center of the error bars. In the cases

We first study the convergence of our results relative tovhere part of the photonic band gap survives under disorder,
the number of subcell®. Figure 1 show the localization the standard deviation of the localization length is small for
length forN=7 and 9 for rods connecting nearest neighbordrequencies inside the gap. In all the other cases, the standard
in diamond lattice. In both cases the filing ratio of the dielec-deviation of the localization length is big, indicating big fluc-
tric rods is f=0.25, the dielectric constané=10, d/a tuations of the transmission in different samples.
=0.2, andM =2. The results for bottN=7 and 9 are simi- Since there are trivial differences betweenhe 7 and 9
lar, except from a constant shift of 0.5 GHz. There is a mini-cases that can be explained by comparing the corresponding
mum in both curvegFig. 1) at 12.5 and 13 GHz foN=7 periodic cases, we choose to work with te=7 case. This
and 9, respectively. We can explain that difference by examwill allow us to study even bigger supercells since the CPU
ining the corresponding periodic cadeig. 2). The width of  time and the memory in the transfer matrix method depend

on (MXN)®. By comparing the results foM=2 and 3
1000 ‘ ‘ ‘ (solid line in Fig. 1 and dotted line in Fig.)3we find that
they are almost the same for frequencies around the mini-
mum (at around 12.5 GHz The localization length is longer
for the M =3 case and for higher frequencies. However, the
important point is the drop of the localization length at 12.5
GHz, which is the reminiscent of the gap of the correspond-
ing periodic case. This is consistent in both Me=2 and 3
cases. In fact, the localization length at the minimum is al-
most the same in both cases. It is really surprising that the
gap survives to such a high amount of disorder. For a smaller
amount of disorderd/a=0.15; see the dashed line in Fig.
3), the drop of the localization length that is the remnant of
the periodic gap is even more prominent. As we can see by
. T = s R c_omparing the solid _and dotted lines in Fig. 3, the localiza-
' ’ Frequency (GH2) ' ’ tion length at the minimum is smaller and the drop of the
localization length is wider for thd=0.15 case than for the

FIG. 2. Localization lengtt vs frequency for eriodicphoto- ~d=0.2 case. So, as we expect, the distortion of the photonic
nic crystal similar to the one described in Fig. 1. Solid and dashedband gap due to the disorder decreases as the strength of the
lines correspond tdl=7 and 9, respectively. disorder decreases.
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FIG. 4. Average number of neighboring atoms vs the separation equency (GHz)

distantD normalized to the lattice constaat The structure is dia-
mond withd=0.05, 0.1, and 0.1%solid, dotted, and dashed lines,
respectively. The vertical lines indicate the locations of the neigh-
bors in a periodic diamond lattice.

FIG. 5. Localization length vs frequency for a photonic crystal
with diamond lattice symmetry consisting of air spheres with filling
ratio f=0.77 in a material with dielectric constant 10. The lattice
constant isa=1.28cm and the strength of the disorder ds

In order to show how unexpected the survival of the gap=o'05' M =2 and 3 for solid and dotted lines, respectively.
to such a high amount of disorder was, we calculate the
average number of neighbors in a distorted diamond latticérequency for two different widthaM=2 and 3; in both
as a function of the distande from a lattice point. Fod  casesd=0.1. Although the results are not very convergent
=0.05(solid line in Fig. 4, the first three peaks correspond relative to the widthM (except for the frequency 12 Glat
to the locations of the first three nearest neighbors in thés clearly seen that the gap, which appears between 12.8 and
corresponding periodic case. Fb+=0.1 (dotted line in Fig. 14.2 GHz in the periodic case, has almost disappeared. In its
4), the first peak aD/a=0.433 has almost disappeared andplace a region of localized states has appeared with a local-
only a small peak appears between the second and third neazation length of around ¥ Also note that the the standard
est neighbors®/a=0.8). Ford=0.15 (dashed line in Fig. deviation of the localization length is high for almost all the
4), all the peaks have disappeared. That means thatl for frequencies. This is one more indication that states exist in
>0.1, any notion of nearest neighbors has been eliminatedhe region where the photonic band gap of the periodic case
So the existence of the gap for such high amounts of disordefrsed to be. The reason for the disappearance of the gap to
(d=0.2) is not related to the nearest neighbor interactiorsuch a small amount of disorder relative to the previous con-
effects as in the case of electrons in disordered semicondugected structures is related to the lack of connectivity of the
tors, such as Si. In that case it has been suggested that &te high dielectric material. By disturbing the positions of
though the atoms in the semiconductor have random posthe lattice points, the air spheres start to oveflaghat case
tions, the tetrahedral symmetry is still present. This is due téhe shape of air inclusions is no longer sphejic@hat cre-
the interaction of the electrons in one atom with the electrongtes some voids in the structure and eventually the dielectric
in the first neighboring atoms and this is the reason for the
existence of the gap in semiconductors even in their disor- 20
dered phases. Here, in the electromagnetic case, the exis-
tence of the gap is related to the connectivity of the high
dielectric material. Note that the connectivity of the structure -
exists in any amount of disorder. Earlier studies suggested 15
that periodic structures with network topolodggonnected I
structurey give rise to wider gaps for electromagnetic
waves >'® For scalar and elastic waves the cermet topology ® 0!
(isolated scattereygavors the formation of band gaps® ~ O F J

We have also studied photonic crystals with diamond —
symmetry consisting of air spheres in a material with dielec- I ‘ ]
tric constant 10. The filling ratio of the air spheres is 0.77, 5L ! |
N=7, andL=20. Figure 5 shows the localization length for 1
d=0.05. There is good convergence between the results for
M =2 and 3(compare the solid and dotted lines in Fig. 5
There is a minimum of at around 14 GHz, which is the 0 e

. - 10 11 12 13 14 15 16

remnant of the gap of the corresponding periodic case. How- Frequency (GHz)
ever, by further increasing the disorder the gap disappears.
Figure 6 shows the localization lengtlas a function of the FIG. 6. Same as in Fig. 5 faf=0.1.
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40 — I e e B coincides with some lattice points that are chosen randomly.
JL_ ] Again, the localization length is calculated by finding the
3 L \& [ ] logarithmic average of the transmission over eight configu-
[1 \ T ] rations. By randomly breaking the network at 30% of the
80t S y lattice points(dotted line in Fig. J, a dip in the localization
o5 F \ i ] length appears between 12.5 and 14.5 GHz, which is the
¥ \ ™ ‘* ] reminiscent of the gap of the periodic case. However, by
S 50t W / \“ b randomly breaking the dielectric network at 50% of the lat-
=~ ] AN / AN ] tice points(dashed line in Fig. ){ the dip disappears. This is
15 L I\ \ l P one more indication of the importance of the connectivity of
I | %/ L \; o the dielectric material in the existence of the gap to a high
10 [ | :} P amount of disorder.
, | o ]
5r | " ] Ill. CONCLUSION
oL ] ! ] We studied the transmission of electromagnetic waves
10 11 12 13 14 15 16

propagating into disordered photonic crystals that are peri-
odic on the average. The periodic crystal has diamond sym-
o ] metry. Two different geometries were studied: spheres and
FIG. 7. Localization length vs frequency for a photonic crystal gje|ectric rods connecting nearest neighbors. Disorder was
with diamond lattice symmetry consisting of rods connecting nea:j'lﬁrjltroduced by randomly displacing the lattice points from
) T o . . eir periodic positions. We found that the gaps of the peri-
is 10 and their filling ratio is 0.25. The lattice consta_nt as  dic (F:)ase sur\fi)ve for a high amount of disorgder; in the ggom-
=1.28cm,M=2,L =20, andN=7. The bonds are broken in 30% .
and 50% of the lattice pointglotted and dashed lines, respectiyely etry of rods. For_ spheres, the gaps disappear at almos_t half
' the amount of disorder than for the rods’ case. We attribute
this to the connectivity of the dielectric material in the rods’
eéeometry that exists for any amount of disorder.

Frequency (GHz)

network breaks. We also studied isolated dielectric spher
with filling ratio 0.34 embedded in air. In the periodic case
there is a full band gap.However, similarly to the air
spheres’ case, the gap disappearsdfaround 0.1.

Finally, returning to the rods’ case, we study the behavior This work was made possible in part by the Scalable
of the localization length when the connectivity of the struc-Computing Laboratory, which is funded by lowa State Uni-
ture is broken. The lattice points remain in their periodicversity and Ames Laboratory. Ames Laboratory is operated
locations, but now we remove the dielectric material that isby the U.S. Department of Energy by lowa State University
inside a sphere of radius 048The center of this sphere under Contract No. W-7405-Eng-82.

ACKNOWLEDGMENTS

*Permanent address: Department of Physics, Hong Kong Univer’M. M. Sigalas, C. M. Soukoulis, E. N. Economou, C. T. Chan,
sity of Science and Technology, Hong Kong, China. and K. M. Ho, Phys. Rev. B8, 14 121(1993.
!See J. Opt. Soc. Am. BO (2), (1993, special issue on the de- 8M. M. Sigalas, C. M. Soukoulis, C. T. Chan, and K. M. Ho, Phys.
velopment and applications of materials exhibiting photonic  Rev. B49, 11 080(1994.
band gaps, edited by C. M. Bowden, J. P. Dowling, and H. O. °\. M. Sigalas, C. T. Chan, K. M. Ho, and C. M. Soukoulis, Phys.
Everitt; see alsd”hotonic Band Gaps and Localizatiofro- Rev. B52, 11 744(1995.
ceedings of the NATO ARW, edited by C. M. Soukou(Rle-
num, New York, 1993 for a more recent review see the articles
in Photonic Band Gap MateriaJsedited by C. M. Soukoulis
(Kluwer, Dordrecht, 1996
2. [I) \(Joa.mnopoulos., R.D. Meade, aqu. N. ngglotonic Crys- 12 . Sigalas, C. M. Soukoulis, C.-T. Chan, and D. Turner,
tals (Princeton University Press, Princeton, 1895
3E. Yablonovitch, Phys. Rev. Let&8, 2059(1987. L, Phys. Rev. B53, 8340(1996.
43. John, Phys. Rev. Let8, 2486 (1987; S. John, Comments Cﬁxgsgitogsg 'iggg?{gg;’ G. S. Grest, and E. N. Economou,
Condens. Matter Phyd4, 193(1988. T ’ :
°K. M. Ho, C. T. Chan, and C. M. Soukoulis, Phys. Rev. L6, i:A' McKinnon and B. Kramer, Z. Phys. B3, 1 (1983.
3152(1990; C. T. Chan, K. M. Ho, and C. M. Soukoulis, Eu- E(.lsé;conomou and M. M. Sigalas, Phys. RevA48 13 434
6J.roghysérl;g:;lg,ngfiifll?ﬂz]ikinnon’ Phys. Rev. Lefi9, 2772 16\. M. Sigalas, E. N. Economou, and M. Kafesaki, Phys. Rev. B
(1992; J. B. Pendry, J. Mod. Op#i1, 209 (1994. 50, 3393(1994.

103, S. McCalmont, M. M. Sigalas, G. Tuttle, K. M. Ho, and C. M.
Soukoulis, Appl. Phys. Let68, 2759(1996.

M. M. Sigalas, J. S. McCalmont, K. M. Ho, and G. Tuttle, Appl.
Phys. Lett.68, 3525(1996.



