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Fragility of photonic band gaps in inverse-opal photonic crystals
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Inverse-opal techniques provide a promising routine of fabricating photonic crystals with a full band gap in
the visible and infrared regimes. Numerical simulations of band structures of such systems by means of a
supercell technique demonstrate that this band gap is extremely fragile to the nonuniformity in crystals. In the
presence of disorder such as variations in the radii of air spheres and their positions, the band gap reduces
significantly, and closes at a fluctuation magnitude as small as under 2% of the lattice constant. This imposes
a severe requirement on the uniformity of the crystal lattice. The fragility can be attributed to the creation of
this band gap at high-frequency bar(@ght to nine bandsin inverse-opal crystals.

In recent years the fabrication of photonic crystals hasrders, physical disorders such as incompleteness of precipi-
attracted extensive intereSt as such artificial periodic tation and calcination can take place in the later steps of
structures may bring about some peculiar physical phenonfabrication.
ena such as inhibition of spontaneous emission and localiza- In this work, we will show via numerical calculations that
tion of electromagnetic waveés? In addition, they possess the above geometrical nonuniformities, i.e., variations in the
possible applications in wide scientific and technical areagadii of spheregsize randomnegsnd their random displace-
such as filters, optical switches, cavities, waveguide, desigftents from lattice sitegsite randomnesgswill greatly re-

of low-threshold lasers, and high-efficient light emitting duc€ the band gap of inverse-opal crystals. At a disorder

diodest—3 magnitude as small as under two percent of the lattice con-

stant, the band gap is closed even in the presence of a very

band gap in the visible and infrared regimes provides thé1Igh rﬁfraﬁ;'\.’e index contrast. Th? .h'tgh fragility of_the tialndf

most stirring potential in application. Recently, the fabrica-J2P ShoUld IMPOse a Severe restriction on experimental et-
forts to control crystal uniformity.

':jlon of ?;D t‘;%gtomc crylstals 8f rlnlcromet\(le\,rths,lzehh?r\g tt)een The disorder in photonic crystals can be described by cer-
emonstra using a fayer-by-layer gro schemena tain random parameters. In the case of site randomness, ev-

employs state-of-the-art microlithography techniques, how-ery sphere has the same radiys while the x, y, and z
ever it still remains a difficult and challenging task. AnotherComponents of the position of thiéh sphere ir’1 tI"1e disor-

routine that is in rapid progress is the self-arrangement Ofjereq crystal differ from those of the periodic case gy
coIIO|q, rellasted artificial opals, and mverse-opal y,, andy,, respectively, where,, y,, andy, are random
technique$:** Among them, the inverse-opal technique be-yariables  uniformly distributed over the interval of
comes an attractive candidate in the fabrication of opticaf — ¢, d,]. d, denotes the strength of site randomness. For
photonic crystals. These crystals are composed of closghe case of size randomness with strerdjththe spheres are
packed air spheres arranged in a face-centered-d@t8t  arrayed in the original lattice sites, while the radius ofitte
lattice embedded in a dielectric background. When the resphere is given by;=ry+ vy,, wherey, is a random vari-
fractive index contrast is large enough, a full band gap opengble uniformly distributed over the intervakd, ,d,]. In

at high-frequency band$.Very recently, great progress has reality, both kinds of disorder coexist with,#0 and d,
been made in this technique by several grotips® #0.

As the crystals are of micrometer and submicrometer The electromagnetic problem in 3D perfect photonic crys-
sizes, various kinds of nonuniformity inevitably occur in the tals is solved with the use of the plane-wave expansion
fabrication process. A typical inverse-opal crystal is preparednethod™>'®The convergence for the ten lowest bands can be
as follows!! First, one should have a template assemblednade better than 0.5% by adopting 343 plane waves. For a
from a self-organizing system, for instance monodisperselisordered crystal, a supercell technitfié® is employed
silica or polystyrene colloidal crystal. Then sintering is usedwith a cubic supercell composed of eight conventional fcc
to create necks between spheres. This intersphere interconnit cells with 32 spheres and an expansion of 2197 plane
nection allows the precipitation of a desired background diwaves, where the convergence is better than 1.0%. We have
electric into the voids of the template by means of chemicatompared the results with those from a supercell with four
reaction. Finally, the inverse-opal crystal is obtained by re<conventional unit cells and found the same behavior.
moving the original template material by calcination. In  We first investigate the band structure of a typical
practice, nonuniformities occur at every step of the fabricainverse-opal crystal. The result for a filling fraction of air
tion. For instance, the radius of spheres might vary even fospheres a$§=0.78 and a refractive index of the background
monodisperse system&or the spheres might not array at dielectric asn=23.6 is displayed in Fig. 1. It is clear that a
exact lattice sites when they form colloidal crystal and wherfull band gap opens between the eight and ninth photonic
the template is sintered. In addition to these geometrical disbands, with gap edges lying AtandW points, respectively.

A three-dimensional3D) photonic crystal with a full
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FIG. 1. Calculated band structures of an inverse-opal crystal Es) ()
along some important high-symmetry lines in the Brillouin zone. 2 500 |
The crystal has a filling fraction of air spheres &s0.78 and a 2
refractive index of background dielectric as- 3.6. 8 0
The gap lies at a frequency of 0.786.827(27c/a) with a 1000 (d)
normalized width ofA w/ wy=5.1%. Herea is the fcc lattice
constantc is the light speed in the vacuum, and» and w, 500 1
are the gap width and midgap frequency, respectively. It
should be noted that the inverse-opal crystal made of titania 0 A ‘ ‘ ‘
. 0 0.2 0.4 0.6 0.8
(TiO,) (Ref. 12 and 1Bdoes not possess a full band gap at
eight to nine bands, as the refractive index of titamia2.8 Frequency (wa/2rc)

is not high enough. FIG. 2. Calculated density of statéBOY9) in the inverse-opal

As the banq gap I|e§ at hlgh-fr_e_quency.bands, It Is ex'crystal withn=3.6 andf=0.78 in the case ofa) no disorders(b)
pected that this gap ‘,N'” bg SenSItlvg to disorder. In faCt’size randomness with strength df=0.05, (c) site randomness
recent 7W0rk on two-dlmensmne(I_ZD) disordered PhOTO”'C with d,=0.05,, and(d) coexisting size and site randomness with
crystal’ demonstrated that the higher band gap is far MOrgy —d,=0.05,.

sensitive to the site and size randomness than the ground

band gap. Although this is apparent from a simple physical \ye next investigate the dependence of gap size on disor-
argument, our interest here is to investigate how fragile thjer in inverse-opal crystals. The results for three kinds of
gap in inverse-opal crystal could be in the presence of disolrangomness are displayed in FigiaBfor crystal with n

der. The quantitative answer to this question would serve as 3 g andf =0.78. The random strength is in units of sphere

an important guide in the fabrication of such materials. Theradiusro. In the case of coexisting randomness, we det
results for the density of statéBOS) in disordered inverse-

opal crystals witm= 3.6 andf=0.78 are displayed in Fig. 2 6

for the case ofb) size randomness wittl, = 0.05 , (c) site
randomness witld,=0.05 (, and(d) coexisting size and site 5 (a) &—= size random ]
randomness withd, =d,;=0.05,. Note 0.05,=0.01&, as 4 5—*1 site random 1
ro=0.36 for a filling fraction of f=0.78. For these three 3l &2 size4site random | |
cases, we obtain the DOS by solving Maxwell’s equations at 5| 1
4000 points inside the first Brillouin zone of a fcc unit cell.
For clarity of comparison, we also plot the DOS of a perfect ‘,E\ 1 ]
crystal in Fig. Za). The calculation points number about 8 ol ]
10000, and the DOS is normalized with respect to those of & » ‘ . . ‘ . ‘ ‘
disordered crystals. The oscillation in the long-wavelength & | ‘ ' ' ‘ ' ‘ ‘
end of the four curves is due to the limited number of calcu- o ' (b) o size random |
lation points. E =— site random

The band gap centered at about 0.806¢2a) is com- g st A—+ size+site random | |
pletely closed wherd,=0.05, andd,=d;=0.05,. There
remain significant dips in the DOS curves, a signature of 3l 1
pseudogaps. In the case of site randomness ayit0.05 ,
there still remains a greatly reduced band gap at 0.807 1F .
—0.816(2rc/a) with a width of 1.0%. In contrast, the dis-
order affects the pseudogap centered at 0.58(2) only -1 0 001 002 003 004 005 006 007
slightly. Another apparent characteristic is the flattening of Random Strength (r, )

high-frequency sharp peaks in the DOS of the perfect crystal

by disorder. It seems that these peaks are created by long- FIG. 3. Plots of dependence of band-gap size on the random
range resonant scattering of lattices, and become wider in thrength of three kinds of geometrical disorder in an inverse-opal
case of random scattering. crystal with (a) n=3.6 andf=0.78;(b) n=4.0 andf=0.78.
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=d,. Naturally the coexisting randomness should reduce the 15 w .
band gap more than just either of the two randomnesses 13 [ [e—©sizerandom
does. Indeed, this is verified by numerical calculations: the E:&Zﬂiﬁmom
gap width decays fastest in the case of coexisting random- [F—¥ periect crysta
ness. The band gap is closed for the site randomneds at

=0.06, for the size randomness dt=0.05, and for the
coexisting randomness a, =d;=0.04,. In addition, the
gap size is reduced faster in the case of size randomness thar.

site randomness. This means that the photonic band gap is 2 5 1
more sensitive to the variations in the radii of spheres than < 1t ]
the variations in their displacements. Similar behavior was

found in 2D cased’ It can be argued qualitatively that vary- > 38 4 44 48 52 56 8
ing the size of the sphere means changing the filling fraction, )

while the fraction does not change when displacing spheres Refractive Index Contrast

from lattice sites. Thus, the size randomness reduces the gap g 4. Dependence of band-gap size on the refractive index

size more significantly. _ o _ contrast in a perfect inverse-opal crystal and disordered crystals
We now consider a practical material with a higher refrac-ith three kinds of geometrical randomness. The filling fraction of

tive index in optical frequency, germaniunm<4.0). We  ajr spheres i$=0.78 in all cases.
have investigated the band gap of such an inverse-opal crys-
tal with f=0.78 in the case of various disorders with differ- gap widening and downshifting of the midgap frequency.
ent random strengths. The results are plotted in Fig),3 However, at the same time, the scattering strength due to
which looks quite similar to Fig.@). A full band gap opens both kinds of randomness also increases. In addition, it is
at 0.710-0.769(2rc/a) with a normalized width of 8.0%. seen from Fig. 4 that the band-gap growth in the perfect
This band gap almost decays linearly with respect to randorgrystal as well as in the disordered crystal with either size or
strength, and is reduced to zero at site randomregss site randomness all show a saturation behavior. It is thus
=0.07,. For the case of size randomness, the band gap isxpected that the size reduction in the presence of coexisting
closed atd,=0.06, and it is closed atl,=d;=0.05, for = randomness should overwhelm the size increase caused by
the case of coexisting randomness. refractive index growth. Therefore, the band gap keeps
Therefore, for such an inverse-opal structure, as two kindslosed at all refractive index contrasts.
of randomness generally coexist, the demand for high- Some words should be said concerning another routine of
quality geometrical uniformity is very severe: Nonuniformi- fabricating a photonic crystal at the optical frequency, i.e.,
ties as small as under 2% of the lattice constant will destroynicrolithography, such as electron-beam lithography and
the band gap completely. x-ray lithography. In the scheme of layer-by-layer growth,
One may expect that a further increase in the refractivehe crystal opens a large full band gap between the second
index contrast will relax the severe requirement of geometriand third photonic bands, a ground band gap. Although sig-
cal uniformity, as the band gap of perfect crystals widensificant nonuniformities will occur in the growth process
accordingly. At the same time, the midgap frequency fallswith current techniques for submicrometer-sized structures,
which means that the relative disorder strength decreaseke band gap is fairly robust to such nonuniformities accord-
compared with the midgap wavelength. Therefore, the influing to recent numerical simulatiod$® There are two key
ence of disorder on the band gap should become smallepoints: One is the opening of a band gap at ground photonic
However, such a naive conjecture is negated by realistic nubands, the other is the large size of the band gap. Therefore,
merical calculations. Here we fix the random strengtldas from the viewpoint of the tolerance of band gaps to geo-
=0.05 for size randomnesg,=0.05 for site random- metrical nonuniformities, the microfabrication routine might
ness, andd,=d;=0.05 for coexisting randomness. Then be superior to the inverse-opal technique.
we increase the refractive index of the background dielectric, The above results are obtained from a finite-sized system.
and investigate the variation of the band gap. The results add/hen system size is increased, more localized states will
displayed in Fig. 4, where the dependence of band-gap siz&ppear deeper inside the band gap and, therefore, reduce the
on the refractive index for a perfect crystal is also plotted forgap width. For an infinite system, a real band gap could be
comparison. The filling fraction of air spheresfis0.78 in  much smaller. We estimate the real gap in an infinite system
all cases. by using the well-known Saxon-Hunter theorem for elec-
The band-gap size for the perfect crystal grows fromtronic systems? For simplicity, we consider the case of size
5.1% atn=3.6 to 13.1% ah=>5.6, an increase of over two randomness. The real gap can be estimated by measuring the
and a half times. In the presence of either size randomness owerlap of two band gaps in two extreme cases: one for a
site randomness, the gap size still increases remarkably where lattice of radiusy+d, and the other for a pure lattice of
the refractive index is increased, although it is greatly retadiusro—d,. Whenn=3.6 andf=0.78, we find that the
duced when compared with that of the perfect crystal. How+eal gap closes at,~0.004, about five times smaller than
ever, for a practical situation where size and site randomnegbke value of 0.02 predicted by our numerical calculations
coexist, the band gap is closed completely, irrespective of asing 32 spheres. In reality, the system size could be much
very high refractive index contrast in the crystal. This sur-larger but finite. Therefore, the upper limit of disorder
prising characteristic can be understood qualitatively as folstrength will lie somewhere between 0z02nd 0.004. This
lows. The growing of the refractive index will result in band- implies an even much more stringent condition, if not impos-
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sible, in the sample frabrication. lattice constant. This imposes a severe demand on the high-
In summary, we have investigated the band gap imuality lattice uniformity. Such fragility can be attributed to

inverse-opal photonic crystals in the presence of geometricahe creation of the band gap at high frequency bdaitgt to

nonuniformities by numerical simulations with the use of thenine bands in inverse-opal crystals. It is expected that the

plane-wave expansion method combined with a supercefiresence of other physical irregularities can further restrict

technique. It is found that this band gap is extremely fragilethe opening of a full band gap.

to the nonuniformity in crystals. In the presence of both size

and site randomness, the band gap reduces significantly and The authors greatly acknowledge the financial support of

closes at a fluctuation magnitude as small as under 2% of ththe Hong Kong RGC Grant No. HKUST 6112/98P.
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