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(57) ABSTRACT 

Provided herein are photonic devices con?gured to display 
photonic band gap structure With a degenerate band edge. 
Electromagnetic radiation incident upon these photonic 
devices can be converted into a frozen mode characterized by 
a signi?cantly increased amplitude, as compared to that of the 
incident Wave. The device can also be con?gured as a reso 
nance cavity With a giant transmission band edge resonance. 
In an exemplary embodiment, the photonic device is a peri 
odic layered structure With each unit cell comprising at least 
tWo anisotropic layers With misaligned anisotropy. The 
degenerate band edge at given frequency can be achieved by 
paper choice of the layers’ thicknesses and the misalignment 
angle. In another embodiment, the photonic device is con?g 
ured as a Waveguide periodically modulated along its axis. 

15 Claims, 15 Drawing Sheets 
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PHOTONIC DEVICES HAVING 
DEGENERATE SPECTRAL BAND EDGES 
AND METHODS FOR USING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of application Ser. No. 
11/720,592, ?led May 31, 2007, now US. Pat. No. 7,881,570 
Which is a 371 application of PCT/US2006/ 003 1 54, ?led J an. 
26, 2006, Which claims the bene?t of Provisional Application 
Ser. No. 60/648,319, ?led Jan. 28, 2005, Which applications 
are fully incorporated herein by reference. 

This invention Was made With Government support under 
grant number FA9550-04-1-0359, awarded by Air Force 
O?ice of Scienti?c Research, Air Force Materials Command, 
USAF. The Government has certain rights to this invention. 

FIELD OF THE INVENTION 

The invention relates generally to the ?eld of photonic 
devices, and more particularly to systems and methods for 
transmitting and storing electromagnetic radiation in a pho 
tonic device With inhomogeneous spatially periodic struc 
ture. 

BACKGROUND INFORMATION 

The manipulation of electromagnetic energy can be advan 
tageous to numerous applications Within many industries. For 
instance, much effort has been focused on reducing the veloc 
ity of electromagnetic energy, such as light and microWave 
pulses. The reduced velocity of electromagnetic energy can 
facilitate manipulation of electromagnetic Waves. It can also 
enhance the light-matter interaction essential in numerous 
optical and microWave applications. One approach to reduc 
ing the electromagnetic energy velocity is through the use of 
spatially inhomogeneous periodic media displaying strong 
spatial dispersion at operational frequencies. Spatial inhomo 
geneity results in strong nonlinear relation betWeen the fre 
quency u) of propagating electromagnetic Wave and the 
respective Bloch Wave number k. The relation 011(k) is referred 
to as dispersion relation or, equivalently, as k-u) diagram. At 
certain frequencies, the Wave group velocity V:du)/dl( van 
ishes implying extremely loW energy velocity. 
One common photonic device exploiting spatial inhomo 

geneity is a photonic crystal. This device is typically com 
posed of multiple repeating segments (unit cells) arranged in 
a periodic manner. Electromagnetic frequency spectrum of a 
typical photonic crystal develops frequency bands separated 
by forbidden frequency gaps. The frequency separating a 
photonic band from adjacent photonic gap is referred to as a 
(photonic) band edge, or simply a band edge. At frequencies 
close to a photonic band edge, the relationship betWeen the 
frequency w and the Wave number k can be approximated as 

(1) 

implying that the respective group velocity 

v:dm/dko<k-kgo<v‘—m-mg (2) 
vanishes as u) approaches the band edge frequency mg. This 
creates conditions for very sloW pulse propagation. Another 
common photonic device exploiting spatial inhomogeneity 
and providing conditions for sloW energy propagation is a 
periodic array of Weakly coupled resonators. There exist 
many different physical realiZations of the individual resona 
tors connected into the periodic chain. 
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2 
One common draWback of current photonic devices 

employing spatial inhomogeneity is that only a small fraction 
of the incident electromagnetic radiation is converted into the 
sloW electromagnetic mode, resulting in loW ef?ciency of the 
device. Another common draWback of current photonic 
devices is the necessity to employ a large number of the said 
segments (unit cells) in order to achieve a desirable sloWdoWn 
of electromagnetic energy. Accordingly, improved photonic 
devices are needed having smaller dimensions and alloWing 
for more e?icient manipulation of the incident electromag 
netic radiation. 

SUMMARY 

The devices, systems and methods described in this section 
are done so by Way of exemplary embodiments that are not 
intended to limit these devices, systems and methods in any 
Way. 

In one exemplary embodiment, a photonic system is pro 
vided that includes a photonic device con?gured to display a 
degenerate band edge, the photonic device including a ?rst 
end, a second end, a ?rst surface located on the ?rst end and 
a plurality of segments coupled together betWeen the ?rst and 
second ends. Each segment can include a ?rst anisotropic 
layer, a second anisotropic layer misaligned With the ?rst 
anisotropic layer, and a third layer. The photonic device can 
be con?gured to convert an electromagnetic Wave incident on 
the ?rst surface into a froZen mode, Where the electromag 
netic Wave operates at a frequency in proximity With the 
degenerate band edge. 

In another exemplary embodiment, a photonic system is 
provided that includes a photonic device con?gured to dis 
play a degenerate band edge, the photonic device including a 
?rst end, a second end, a ?rst surface located on the ?rst end 
and a plurality of periodic segments coupled together 
betWeen the ?rst and second ends. Each segment can include 
a ?rst anisotropic layer having a ?rst thickness and a second 
anisotropic layer misaligned With the ?rst anisotropic layer 
and having a second thickness different from the ?rst thick 
ness. The photonic device can be con?gured to convert an 
electromagnetic Wave incident on the ?rst surface into a fro 
Zen mode, When the electromagnetic Wave operates at a fre 
quency in proximity With the degenerate band edge. 

Other systems, methods, features and advantages of the 
invention Will be or Will become apparent to one With skill in 
the art upon examination of the folloWing ?gures and detailed 
description. It is intended that all such additional systems, 
methods, features and advantages be included Within this 
description, be Within the scope of the invention, and be 
protected by the accompanying claims. It is also intended that 
the invention not be limited to the details of the example 
embodiments. 

BRIEF DESCRIPTION OF THE FIGURES 

The details of the invention, including fabrication, struc 
ture and operation, may be gleaned in part by study of the 
accompanying ?gures, in Which like reference numerals refer 
to like parts. The components in the ?gures are not necessarily 
to scale, emphasis instead being placed upon illustrating the 
principles of the invention. Moreover, all illustrations are 
intended to convey concepts, Where relative siZes, shapes and 
other detailed attributes may be illustrated schematically 
rather than literally or precisely. 

FIGS. 1-2 are block diagrams depicting exemplary 
embodiments of a photonic device. 
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FIGS. 3A-D are graphs depicting exemplary k-u) diagrams 
of embodiments of the photonic device described With respect 
to FIG. 1 corresponding to different geometrical parameters 
of the photonic device. 

FIGS. 4A-C are block diagrams depicting performance of 
an exemplary embodiment of the photonic device in the fro 
Zen mode regime at frequencies close to the degenerate band 
edge. 

FIG. 5 is a graph depicting an exemplary froZen mode 
pro?le at steady-state regime. 

FIG. 6 is a graph depicting the pro?le of a typical electro 
magnetic surface Wave at the air/photonic crystal interface of 
a photonic device. 

FIG. 7 is a graph depicting an exemplary pro?le of an 
abnormal surface Wave at a frequency close to that of the 
degenerate band edge in an exemplary embodiment of the 
photonic device. 

FIGS. 8-9 are graphs depicting performance of an exem 
plary embodiment of the photonic device in the regime of 
giant transmission band edge resonance. 

FIGS. 10-15C are block diagrams depicting additional 
exemplary embodiments of a photonic device displaying 
degenerate photonic band edge. 

DETAILED DESCRIPTION 

Photonic devices and systems having degenerate spectral 
band edges and methods for using the same are described 
herein. These devices, systems and methods are based on the 
physical idea of using spatially periodic structures displaying 
a degenerate band edge 

(3) 

rather then the regular band edge described by equation (1). 
Unlike the regular band edge (1), display of the degenerate 
band edge (3) alloWs for the froZen mode regime, accompa 
nied by a complete conversion of the incident radiation into a 
sloW mode With a drastically enhanced amplitude. In addi 
tion, a resonance cavity incorporating a photonic device dis 
playing a degenerate band edge can have much smaller rela 
tive dimensions compared to those incorporating existing 
photonic devices. 

Light transmitting periodic structures that can be con?g 
ured to display the degenerate band edge (3) include, but are 
not limited to: (i) photonic crystals, such as periodic layered 
structures, as Well as structures With tWo and three dimen 
sional periodicity, (ii) spatially modulated optical and micro 
Wave Waveguides and ?bers, and (iii) arrays of coupled reso 
nators. The embodiments discussed beloW are directed 
toWards periodic arrays of anisotropic dielectric layers; hoW 
ever, it is important to emphasiZe that the underlying reason 
for the enhanced performance of the photonic device as 
described herein lies in the existence of a degenerate band 
edge (3) in the respective frequency spectrum. Speci?c physi 
cal realiZation of the periodic structure displaying such a 
spectrum is determined by practical needs, i.e., one of ordi 
nary skill in the art Will readily recogniZe hoW to implement 
spatially modulated optical and microWave Waveguides and 
?bers, arrays of coupled resonators and other desired struc 
tural con?gurations based on the embodiments described 
herein. 

FIG. 1 is a block diagram depicting one exemplary 
embodiment of a photonic device 101 con?gured to display a 
degenerate spectral band edge (3). FIG. 1 depicts an electro 
magnetic Wave 102 incident a surface 111 of device 101. In 
this embodiment, photonic device 101 includes a plurality of 
segments (unit cells) 105 coupled together betWeen a ?rst end 
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4 
103 and a second end 104 of the device 101. Each segment 
105 can include a ?rst anisotropic layer 106, a second aniso 
tropic layer 107, and a third optional layer 1 08. The third layer 
108 can be made of either isotropic or anisotropic material, or 
it can be omitted entirely. The Z direction is normal to layers 
106-108. The thickness of segment 105 in the Z direction is 
preferably of the same order of magnitude as the Wavelength 
of the incident Wave 102. Each of the three layers 106-108 has 
a plane-parallel con?guration With a uniform thickness (mea 
sured in the Z direction) and composition, although these 
conditions may not be necessary. The thickness of each of 
layers 106-108 can be different from each other in accordance 
With the needs of the application. 

In this embodiment, the structure of photonic device 101 is 
periodic along the Z direction perpendicular to layers 106 
108, Which are parallel to the X-Y plane. The X, Y and Z 
directions are perpendicular to each other like that of a stan 
dard Cartesian coordinate system. Photonic device 101 is also 
preferably homogeneous in the in-plane directions X and Y, 
although photonic device 101 can also be inhomogeneous in 
the directions X, Y, or both, if desired. The total number N of 
repeating segments 105 in photonic device 101 depends on 
the speci?c application and usually varies betWeen three and 
several hundred, although device 101 is not limited to this 
range of segments 105. 
The anisotropy axes of anisotropic layers 106 and 107 

preferably have misaligned orientation in the X-Y plane With 
the misalignment angle 4) being different from 0 and 31/2. In 
this embodiment, anisotropic layers 106 and 107 are com 
posed of the same anisotropic dielectric material and have a 
variable misalignment angle. The dielectric permittivity ten 
sors of the three constitutive layers 106, 107 and 108 can be 
chosen as folloWs: 

a + 6 O O (6) 

5A1 : O s — 6 O , 

O 0 5H 

s + 6005250 6sin2g0 O l O O 

5A2 : 6sin2g0 s — 6005250 0 , 5B : O l O , 

O 0 5Z1 0 O l 

Where 6A1, 6A2 and EB, are the dielectric permittivity tensors 
for the layers 106, 107 and 108, respectively. The choice (6) 
for the material tensor EB corresponds to the case Where layer 
108 is an empty gap betWeen the adjacent pairs of anisotropic 
layers 106 and 107. If desired, optional layer 108 can also be 
?lled With either anisotropic or isotropic material, such as 
glass, air, active or nonlinear medium, etc., or it can be left 
vacant (e.g., as a vacuum), depending on the speci?c practical 
needs of the application. The quantity 6 in (6) describes 
inplane anisotropy of the A-layers 106 and 107, essential for 
the existence of degenerate band edge. The parameter 4) in (6) 
designates the misalignment angle betWeen anisotropic lay 
ers 106 and 107. It can be chosen anyWhere betWeen 0 and at, 
Which provides additional tunability of the photonic device. 
The k-u) diagram of the photonic device in FIG. 1 can 
develop degenerate band edge (3) only if the misalignment 
angle 4) is other than 0 and 31/2. A typical value for the mis 
alignment angle 4) is 31/4. If desired, the tensor anisotropy (6) 
of layers 106 and 107 can be replaced With similar shape 
anisotropy of the respective X-Y cross sections, i.e., anisot 
ropy can be induced With only isotropic materials through the 
shape or con?guration of the X-Y cross section of the respec 
tive layers (e.g., the X-Y cross section is shaped as a, rect 
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angle, ellipse or the like). Additional exemplary embodi 
ments With modulated X-Y cross-sections are described With 
respect to FIGS. 10-13. 

FIG. 2 is a block diagram depicting another exemplary 
embodiment of photonic device 101 con?gured to display the 
degenerate band edge. This embodiment is similar to the 
embodiment described With respect to FIG. 1 except each 
layer 108 is omitted. In this case, anisotropic layers 106 and 
107 preferably have different thicknesses and/or different 
permittivity tensors 

£1+61 O O 

0 51-51 0 

(7) 

O O 51H 

52 + 62005250 62sin2g0 O 

5A2 : 62sin2g0 £2 — 62005250 0 

O O 5221 

OtherWise, the characteristics of this embodiment in FIG. 2 
Would be very similar to that of the embodiment described 
With respect to FIG. 1. 

FIGS. 3A-D are graphs depicting the k-u) diagram for the 
embodiment of photonic device 101 described With respect to 
FIG. 1 for four different values of the thickness of the B layer 
108, respectively. In the graph depicted in FIG. 3B, the upper 
dispersion curve develops degenerate band edge d described 
in (3) and associated With the froZen mode regime. (In FIG. 
3B, the frequencies above band edge d can be referred to as 
the frequency gap or photonic gap, While frequencies beloW 
band edge d can be referred to as the frequency band or 
photonic band.) The embodiment of photonic device 101 
described With respect to FIG. 1 can develop degenerate band 
edge d, provided that the misalignment angle 4) betWeen the 
adjacent anisotropic layers 106 and 107 is different from 0 
and 31/2. If the physical parameters, such as the layer thick 
nesses and/or the misalignment angle 4), of photonic device 
101 deviate from those corresponding to the situation 
depicted in FIG. 3B, the degenerate band edge d turns into a 
regular band edge g described in (1) and depicted in FIGS. 
3A, 3C and 3D. The k-u) diagram depicted in FIG. 3D cor 
responds to the case Where the B layers 108 are absent. 

FIGS. 4A-C are schematic diagrams depicting a photonic 
device 101 during three stages of the froZen mode regime. 
Photonic device 101 shoWn here is con?gured similar to that 
of the photonic device embodiment described With respect to 
FIG. 1. Here, the froZen mode regime occurs for an incident 
electromagnetic pulse 102 With a central frequency close to 
that of the degenerate band edge d depicted in FIG. 3B. FIG. 
4A depicts incident pulse 102 propagating toWards the sur 
face 111 of photonic device 101. FIG. 4B depicts the situation 
after pulse 102 has reached surface 111 and has been trans 
mitted into device 101 and converted into the froZen mode 
pulse 401. Here, the froZen mode 401 is characterized by an 
enhanced pulse amplitude and compressed pulse length, 
compared to those of the incident pulse 102. FIG. 4C depicts 
the situation after the froZen pulse 401 exits the photonic 
device 101 and turns into a re?ected Wave 402. The distance 
404 through Which the froZen mode pulse 102 is transmitted 
inside photonic device 101, as Well the degree of amplitude 
enhancement, are strongly dependent on the pulse bandWidth 
and the central frequency. The froZen mode amplitude Will 
typically increase With decreasing bandWidth and lesser dif 
ference betWeen the central frequency and the degenerate 
band edge. 
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FIG. 5 is a graph depicting an exemplary smoothed froZen 

mode pro?le at the steady-state froZen mode regime. In this 
example, the amplitude of the incident Wave is unity. The 
point 2:0 coincides With surface 111. 

FIG. 6 is a graph depicting a smoothed pro?le of a typical 
surface electromagnetic Wave. Here, the ?eld amplitude 
decays exponentially With the distance Z from surface 111. 

FIG. 7 is a graph depicting a smoothed pro?le of an exem 
plary abnormal surface Wave associated With the degenerate 
band edge (3) of the electromagnetic spectrum. In this 
example, the ?eld amplitude sharply rises inside photonic 
device 101, before decaying as the distance Z from surface 
111 further increases. The magnitude and the location of the 
?eld amplitude maximum sharply depend on the Wave fre 
quency. Remarkably, the maximal amplitude of an abnormal 
surface Wave can be reached at a signi?cant distance from 
surface 111. The latter circumstance can suppress the energy 
leakage outside photonic device 101. 

FIG. 8 is a graph depicting a typical transmission disper 
sion of photonic device 101 With the k-u) diagram depicted in 
FIG. 3B. Here, N:16 (in FIG. 8A) and N:32 (in FIG. 8B) is 
the total number of segments 105 in device 101 and and is the 
degenerate band edge frequency. The sharp peaks in the 
device transmittance correspond to giant cavity resonances, 
their exact position being dependent on the number N. 

FIG. 9 is a graph depicting the smoothed ?eld distribution 
A2 (Z) in photonic device 101 at the frequency of the rightmost 
giant transmission resonance closest to the degenerate band 
edge frequency and depicted in FIG. 8, N:16 (in FIG. 9A) and 
N:32 (in FIG. 9B). The amplitude of the incident plane Wave 
is unity, implying that the ?eld enhancement in the case N:16 
reaches 2000, While in the case N:32, the ?led enhancement 
reaches 35000. To achieve similar performance in a common 
periodic array of isotropic layers, one Would generally need at 
least several hundred layers in a stack. 

FIG. 10 is a block diagram depicting another exemplary 
embodiment of photonic device 101. Here, device 101 is a 
spatially periodic structure con?gured to display an electro 
magnetic k-u) diagram With a degenerate band edge (3). In 
this embodiment, device 101 is con?gured as a Waveguide 
With an X-Y cross-section periodically modulated along the 
Waveguide axis Z. In this embodiment, Waveguide 101 
includes a plurality of segments (unit cells) 605 coupled 
together betWeen a ?rst end 603 and a second end 604 of 
Waveguide 101. Only the rightmost and the leftmost segments 
605 are shoWn in FIG. 10. Each segment 605 has a variable 
cross-section depending on the coordinate Z, as shoWn in 
FIG. 11. The end cross-sections 6051 and 6052 are identical, 
to ensure smooth connection of adj acent segments 605 in the 
Waveguide. At least at some Z, the X-Y cross-section of 
segment 605 is anisotropic in the X-Y plane. The term “aniso 
tropic in the X-Y plane” implies that the axis Z of the 
Waveguide is not an n-fold symmetry axis of this particular 
cross-section With n>2. The length of each segment 605 in the 
Z direction depends on operational frequency and is of the 
order of the respective electromagnetic Wavelength. 

In one exemplary embodiment, each segment 605 can be 
subdivided into three adjacent portions 606-608, as depicted 
in FIG. 12 (portions 606-608 are shoWn here spaced apart 
from each other, although this Would not be the case in the 
actual implementation). Portion 606 can be vieWed as a cir 
cular section of the Waveguide squeeZed in theY direction, so 
that its cross-section in the middle has an elliptical shape, as 
seen in FIGS. 12 and 13A. Portion 607 in FIGS. 12 and 13B 
can be similar to portion 606, but rotated about the Z axis by 
an angle 4), preferably different from 0 and 313/ 2. In the embodi 
ments depicted in FIGS. 10-13C, the misalignment angle 4) is 








