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Photonic gap in amorphous photonic materials
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Two-dimensional amorphous photonic materials are created, which do not possess any long-range order but
have only short-range order. Our calculation of the multiple-scattering method shows that, forS-polarized
waves, these materials have photonic gap that is independent of incident directions. Even though the detailed
structures of amorphous photonic materials are different with each other, they possess a common photonic gap,
if only they have the same short-range order. Based on our studies it may be confirmed that, forS-polarized
waves, the first band gap of photonic crystals comes mainly from the short-range order, while the higher-order
band gaps are related to the long-range order. The measured transmission spectrum of an amorphous photonic
material agrees perfectly with the calculation.
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Periodic arrayed dielectric materials are viewed as pho
nic crystals that possess photonic band gaps in which e
tromagnetic waves cannot propagate in any directions.1,2 The
unusual properties of these photonic crystals have been
to design thresholdless semiconductor lasers, wavegu
filters, optical switch, and all optic devices.3,4 In the last
decade, they had gained more and more attentions and
been studied extensively.

It has been known that either periodic or quasiperio
photonic crystals can have photonic gaps.3,5–9 In these crys-
tals both long-range and short-range orders exist. Howe
for the electronic analogs, only short-range order is nec
sary for the creation of energy gaps of electrons. Amorph
semiconductors and their corresponding crystalline semic
ductors have strong similarities in their electronic struct
~both their average gaps and minimum gaps are nearly
same!, it is a consequence that these two electronic mater
have the same short-range order.10,11 It has been verified tha
the random dielectric structures do not possess spectral
Recently, Lidorikiset al. analyzed numerically the roles o
the Bragg diffraction of whole periodic structures and t
Mie resonance of a single scatterer.12 This may be an inter-
esting step to deeply understand the formation of photo
gaps. However, they did not discuss the influence of sh
range order. Then the question naturally arises. If a dielec
structure possesses only short-range order, does there
spectral gap? Yet, no one has answered this question e
theoretically or experimentally. Here, we name these die
tric materials with only short-range order as amorphous p
tonic materials~APM!. The study of the APM may revea
what kind of roles the short-range and long-range orders p
in the formation of spectral gaps. Motivated by this questi
two-dimensional amorphous photonic materials are crea
and the multiple-scattering method is used to calculate
electromagnetic propagation in these materials. Calculat
show that, forS-polarized waves, APM does have spect
gap, and this gap is almost independent of incident dir
tions. Furthermore, the positions and widths of the gaps
pearing in different APM’s are nearly unchanged, wh
these APM’s have the similar short-range order. Our cal
lations demonstrate that, forS-polarized waves, the first ban
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gap of photonic crystals comes mainly from the short-ran
order of the dielectric structure, while the higher-order ba
gaps may be caused by the long-range order. The meas
spectrum of an APM agrees perfectly with the calculation

In the case of electrons, the radical distribution functi
~RDF! of materials can be served as a criterion to kn
whether a structure is amorphous solid or not. The RDFr(r )
is defined as follows. Randomly taking an atom as the orig
r(r )dr gives the probability of finding a neighboring atom
a distance betweenr andr 1dr. For an amorphous solid, th
existence of short-range order is recognized by the prese
of the clearly seen first and second peaks in the RDF. On
other hand, the absence of long-range order in amorph
solids manifests itself in that discernible peaks in the R
rarely occur beyond third-nearest neighbors.10 Here, we also
adopt the RDF to identify our amorphous photonic stru
tures. For two-dimensional amorphous photonic materi
the RDF keeps the first and second peaks, while that of t
dimensional random materials is a linear function ofr,
r r(r )52prn, wheren is an average density per unit area

Our APM’s are created as follows. First, we choice
basic unit, which is a square with a sidelengtha1, as shown
in the inset of Fig. 1. Four dielectric cylinders are placed
its four corners, respectively. Then, a square lattice with
tice constanta2 is built. We put the basic unit cells in eac
lattice point, respectively. An amorphous photonic mate
is formed by randomly rotating each basic unit against
own center, i.e., the rotating angles of basic units are r
domly taken. This is the first model of the APM’s. Using th
creation method, we can obtain huge amount of APM
which have different detailed spatial structures, but the sa
short-range order provided by the basic unit. Whena1
510 mm,a2520 mm, the pattern of one APM is shown i
Fig. 1. Figure 2 is the RDF of the APM. It is clear that th
first and second peaks are very narrow and high, and
remainder peaks are wide, low, and much closer to the do
line, which represents a totally random structure. Therefo
these structures can be considered as amorphous struc
The propagation of electromagnetic waves in these APM’
calculated by the multiple-scattering method.13,14 We add a
wire source at the center of the pattern of Fig. 1 and th
©2001 The American Physical Society07-1
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total output energy flux is detected at the round of the p
tern. What we can obtain now is not a transmission spect
in a certain direction, but a total radiation power as a fu
tion of frequency, which is equivalent to the density
states.6 The radiation power spectrum can determine the
gap as well as the defect mode. Its validity has be
proved.15 For the disordered systems the average of differ
configurations should be taken into account. In this radiat
power approach the configuration average has been ca
out, because the effects caused by different incid

FIG. 1. Schematic of an amorphous photonic structure. T
method is as follows. First, a square with a sidelengtha1
510 mm is chosen to be a basic unit, as shown in the inset. F
dielectric cylinders are placed on its four corners, respectiv
Then, a square lattice with lattice constanta2520 mm is built,
while we put the basic unit cells in each lattice point, respective
An amorphous photonic material is formed by randomly rotat
each basic unit against its own center, i.e., the rotating angle
basic units are randomly taken.

FIG. 2. The RDF of an amorphous photonic structure plotted
Fig. 1. The dotted line represents the RDF of a complete rand
structure.
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directions have been included. To make sure that the
existing in the radiation power spectrum represents a full
we further simulated the spectrum in nine different spa
configurations. Figure 3 shows nine spectra lines for
S-polarized wave~the direction of electric field is the same a
the axis of cylinders!, corresponding to nine APM’s con
structed by the above procedure, respectively. Here the
electric constants of the cylindersea and backgroundeb are
12.0 and 1.0, respectively, and the radius of the cylinderr is
2.5 mm. In the calculation altogether 75 unit cells are used
is clearly seen that the transmission dips, which are as d
as 105 , of all the nine curves are very smooth without a
peak caused by the defect modes. A common photonic
between 7.6 and 10.1 GHz can be found for all the n
APM’s. This means that there is a full photonic band gap
this kind of APM. However, there is no other gap in th
higher-frequency region. These results reveal that, if the
sic unit does not change, no matter what the structure
these amorphous photonic materials varies, there exis
common gap in these amorphous photonic materials
S-polarized waves. When the basic unit does not rotate,
structure becomes a square photonic crystal with lattice c
stant of 10 mm. If the parameters of the square photo
crystal are chosen to be the same as the APM’s, this peri
crystal has not only the first band gap between 7.54 and 1
GHz as shown in Fig. 3 by a thick line, but also the high
order band gaps, such as the second band gap between
and 16.1 GHz. Furthermore, the gaps of these APM’s ov
lap quite well to the first band gap of the correspondi
crystalline photonic crystal. The only difference is that the
are no higher-order gaps in the APM’s. Based on the ab
studies, we find that, forS-polarized waves, only short-rang
order of photonic structure is necessary for the formation
the first band gap, while the high-order gaps are stron
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FIG. 3. The spectra of energy flux vs frequency for nine diffe
ent amorphous photonic structures constructed by the same sq
unit, wherea1510 mm,a2520 mm,r 52.5 mm, and the dielectric
constant of cylinderea and backgroundeb are 12.0 and 1.0, respec
tively. The thick line denodes the spectra of energy flux vs f
quency for the corresponding periodic photonic crystal.
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related to the long-range order. Once the long-range orde
longer exists, the high-order gaps disappear. This also ag
with the previous works on the photonic gaps in sligh
disordered photonic crystals, where the higher-order g
disappear soon with the increase of disordered degree16,17

Furthermore, the photonic gap of these APM’s is indep
dent of incident direction. Figure 4 gives the transmiss
spectra for six different incident directions, all of the s
spectra show the same gap between 7.5 and 10.1 GHz.
may be caused by the fact that the dielectric distribution
APM’s is isotropic. In the range of 14 to 15 GHz, a seco
gap seems to be seen. However, in the transmission spec
of this gap, many peaks, i.e., defect modes exist. That me
that this is not a real gap. Furthermore, from Fig. 3, we c
also find that even one configuration of the sample seem
possess a second gap, but if the average of different con
rations of the sample is taken into account, the second
disappears. For aP-polarized wave, there is no clearly see
photonic gap in the APM.

An amorphous photonic material was also built accord
to the above method, which is shown in the inset of Fig.
wherea1510 mm anda2520 mm. 289 dielectric cylinders
are imbedded in a polystyrene foam template. In the incid
direction there are eight rows of unit cell. The dielectric co
stants of the cylinders and template are 8.4 and 1.04, res
tively. The set of measurement has been described in d
elsewhere.8,18 Here, we just give a simple description. W
measure the transmission spectrum in a wide scattering
minum chamber by using Hewlett Packard 8510C Vec
Network Analysis System. The chamber is composed o
wide waveguides of 250 mm wide and 300 mm long, a
two H-type 8-12 GHz trumpets that are connected to

FIG. 4. The transmission spectra of the amorphous photo
material with various incident angles. The photonic structure
shown in the inset. The size of the APM is 2003200 mm, where,
a1510 mm,a2520 mm,r 52.5 mm,ea512.0, andeb51.0. The
calculations are carried out at six angles between 0°;90°. It can be
seen that the gap position is independent of incident angles.
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back and front ports of the wide waveguides, respective
The amorphous photonic material is placed in the middle
the wide waveguides scattering chamber and a slit sourc
used. The transmission spectrum is measured un
S-polarized wave normal incidence, as shown by the so
line in Fig. 5, where the dotted line gives the simulated sp
trum. Both spectra show the same photonic gap between
and 13.0 GHz. The agreement between the simulation
measurement is very good. This is the experimental evide
that APM possesses a photonic gap.

In the above APM, only one unit cell, a square, is us
Now, we apply two unit cells, square and triangle, to for
another kind of APM. Both of these two units have the sa
sidelengtha1, as shown by the insets 1 and 2 of Fig.
There each dot indicates a dielectric cylinder. Then a squ

ic
s

FIG. 5. The comparison between measured and calculated tr
mission spectra for the amorphous photonic material fabricated
the first method and shown in the inset, wherea1510 mm, a2
520 mm,ea58.4, andeb51.04.

FIG. 6. Schematic of another amorphous photonic structu
Here we apply two unit cells, square and triangle, to form this k
of APM. Both of these two units have the same sidelengtha1
510 mm, as shown in insets 1 and 2. Then a square lattice
lattice constanta2510 mm is produced. Finally each lattice poin
is randomly replaced by any one of the basic units, and these u
are rotated randomly around their own centers, respectively.
7-3
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lattice with lattice constanta2 is produced, each lattice poin
is randomly replaced by any one of the basic units, and th
units are rotated randomly around their own centers, res
tively. One of such APM structure is shown in Fig. 6.
principle, the disordered degree of this kind of the APM
should be larger than the first one. It can be seen from
RDF of this structure, which is shown in Fig. 7, wherea1
510 mm anda2520 mm. The first and second peaks a
clearly seen, while the higher peaks are not discernible. H
the dielectric constants of the cylinders and background
12 and 1, respectively, and the radius of the cylinders is
mm. When anS-polarized wave wire source is located in th
center of the APM’s, we calculate the spectra of energy fl
vs frequency for nine APM’s constructed by the seco
method, respectively. The results are plotted in Fig. 8. E
though there exists a trivial difference at low and high g
edges among these spectra, the center frequency of the
are the same. A common photonic gap between 7.78
9.49 GHz is found. In this case, the gap width is a little
smaller than that constructed by the first method. It is
pected that if more totally different basic units are taken, i
the disordered degree of the dielectric structure increases
gap width will shrink. A dielectric structure with infinite dif
ferent basic units corresponds to a complete disordered s
ture, where a photonic gap will disappear.

FIG. 7. The RDF of the amorphous photonic structure plotted
Fig. 6. The dotted line represents the RDF of a complete rand
structure.
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In conclusion, two-dimensional amorphous photonic m
terials are built by two different methods. The radical dist
bution function is served as a criterion to identify whethe
structure is an amorphous structure. Both simulations by
multiple-scattering method and experiment show that th
exists a common photonic gap in various amorphous ph
nic materials built by the same method forS-polarized
waves. Their gap is isotropic, i.e., independent of incid
directions. However, there is only one gap existed for AP
no high-order gaps can be found. Furthermore, we also
that, underS-polarized waves, the first gap of the period
photonic crystal overlaps with the common gap of the cor
sponding APM’s. This is an evidence that only short-ran
order is necessary for the formation of the first band g
while the higher-order band gaps are completely domina
by the long-range order. Our results show a deeper ana
between electronic solids and photonic materials. Further
vestigations might be helpful for fully understanding th
generation mechanism of photonic gaps. On the other h
compared with photonic crystals, these amorphous photo
materials are easily fabricated, and conveniently applied
practice.
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FIG. 8. The spectra of energy flux vs frequency for nine am
phous photonic structures constructed by two unit cells. Here,a1
510 mm,a2520 mm,r 52.5 mm,ea512.0 mm, andeb51.0.
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