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Abstract

Photonic crystals (PhCs) can be utilized to control the propagation behaviors of light
within a frequency band (i.e., conduction band or stop band) for their periodic arrange-
ments of dielectric. Utilizing the effect of band gap one may introduce defects in a
photonic crystal to limit or guide the electromagnetic wave with the frequency in stop
gaps. Furthermore, based on synthetic periodic dielectric materials photonic crystals can
exhibit various anomalous transmission properties, such as negative refraction, self-
focusing, zero phase delay or effective-zero-index properties that are determined by the
characteristics of their band structures and equal frequency contours (EFC). These
extraordinary results contributing to the design of novel PhC devices and the develop-
ment of PhC application are demonstrated in this chapter.

Keywords: photonic crystal, photonic band gap, negative refraction, zero phase delay,
Dirac-like point

1. Introduction

Photonic crystals (PhCs) are structures in which the dielectric constant is periodically mod-

ulated on a length scale comparable to the desired wavelength of operation [1, 2], and the

resultant photonic dispersion may exhibit photonic band gaps (PBGs) and anomalous prop-

agation behaviors which are useful in controlling light behavior according to different

theoretical principles. Based on the PBG effect we may introduce a line defect in a photonic

crystal to guide the electromagnetic waves with the frequency in stop gap [3]. The line defect

is called a photonic crystal waveguide (PCW), which is very compact (with the typical width

is around half-wavelength) and allows sharp bends without losses for its all-dielectric struc-

ture [4]. Many attempts have been made to fabricate materials with complete photonic
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band gaps (PBGs) at near-infrared [5] and visible frequencies [6], such as semiconductor

microfabrication [7], self-assembly of colloidal particles [8], electron-beam lithography [9],

multiphoton polymerization [10], holographic lithography (HL) [11], and so on. Among

them, HL is a very promising technique for the inexpensive fabrication of high-quality two-

and three-dimensional (2D and 3D) PhC templates with the unique advantages of one-step

recording, the ability to obtain an inverse lattice by using a template, inexpensive volume

recording and rapid prototyping. The PhCs formed by HL which usually have irregular

“atoms” or columns. Since the PBG property of resultant structure varies with the shape of

“atoms” or columns, thus the PBGs and propagation properties for PhCs made by HL will be

different from those of regular structures.

Veselago predicted a kind of materials with negative refractive index in 1968 [12] which has

attracted lots of attention in recent years. Such materials are generally referred to as left-

handed materials (LHMs), double negative materials [13], or backward-wave media et al.

[14], whose best known characteristic is to refract light in opposite direction. Shelby et al. have

accomplished one of the first experiments to demonstrate the negative-index behavior [15].

However, the absorption loss of the metal limits its potential optical applications. Different

from LHMs, PhCs made of periodic all-dielectric materials can exhibit an fascinating disper-

sion such as negative refraction and self-focusing properties which are determined by the

properties of their band structures and equal frequency contours (EFC) [16, 17].

In this chapter, the maximal complete relative photonic band gaps of 22.1% and 25.1% are

introduced how to be achieved in 2D- and 3D photonic crystals formed by HL method. The

symmetry mismatch between the incident wave and the Bloch modes of PhC can be used to

guide light efficiently. The unique features of negative refraction, dual-negative refraction,

triple refraction phenomena, and special collimation effects of symmetrical positive-negative

refraction have been verified by numerical simulations or experiments. Effective measurement

method has been proposed to identify the Dirac-like point of finite PhC arrays accurately. A

mechanism for generation of efficient zero phase delay of electromagnetic wave propagation

based on wavefront modulation is investigated with parallel wavefronts (or phasefronts)

extending along the direction of energy flow. The band structures of PBG are calculated by

the plane-wave expansion method [18], and a finite-difference time-domain (FDTD) method

[19] is used to calculate the transmission property of the guided mode. The method of wave-

vector diagram is generally used to predict the properties of beam propagation in PhCs.

2. Characteristics of photonic band gap in 2D- and 3D-PhCs

2.1. Photonic band gap in 2D-PhCs

Since the shape and size of lattice columns in 2D case or atoms in 3D case are usually determined

by the isointensity surfaces of the interference field, the columns or atoms formed by this way

often are of irregular shapes [20, 21]. Consequently, the PBG property of resultant structure is

closely related to the fabrication process. Therefore the complete PBG can be obtained and

improved by proper designs of the shape and size of lattice cells [22]. Compared with the 3D
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case, the 2D PhCs are easier to fabricate and study theoretically for the fact that, the wave

propagation of 2D PhCs can be investigated separately for two orthogonal polarizations known

as TM and TE. They have important practical significance because they offer the possibility of

guiding and manipulating light in planar defect circuits [23], photonic crystal fibers [24] and

controlling polarization through their anisotropic band structures.

A kind of 2D 3-fold PhCs conforming to the hybrid triangular configuration formed by HL was

proposed [20]. This kind of hybrid triangular lattice is formed by two sets of triangular lattices,

as depicted in Figure 1, with the big dots indicating the triangular lattice sites with lattice

constant a, while the small dots with the same lattice structure shifting
ffiffiffi

3
p

a=3 in y direction.
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where the first constant has no essential effect, which can be changed by adjusting the light

intensity threshold It. The former and latter three cosine terms in this formula define the above

mentioned two sets of triangular lattices, respectively. The constant c is a modulation coeffi-

cient which has a considerable effect on the final structure and thus the corresponding PBGs.

Figure 1. Hybrid triangular lattice with the big dots define a triangular lattice while the small dots compose a same one

with a shift of
ffiffiffi

3
p

a=3 in y direction.
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It is clear that the factors of c and It can be modulated to control the PBGs. For a given c, a

certain lattice structure can be formed by washing away the region of I < It. If we fill this

structure with a material of high refractive index, such as GaAs, and then remove the template,

an inverse structure can be achieved as has been successfully demonstrated in Ref. [25].

Figure 2 represents the relative gap size of optimized structures as a function of c for the

dielectric constant contrast of 13.6 to 1 corresponding to GaAs in air. Obviously, the band gaps

of PhCs made by HL may be widened from 18.9 to 22.1% by introducing irregularity of the

columns and lowering the symmetry of the structure.

In addition, another kind of 2D 6-fold hybrid triangular configuration formed holographically

is proposed [21], in which the complete PBGs can be found even with much lower dielectric

constant (ε = 3.8). This 2D periodic structure is a hybrid triangular lattice combining two sets of

triangular sublattices as depicted in Figure 3, where the red dots denote a triangular sublattice

with lattice constant a, while the blue dots denote another set with the lattice constant of a=
ffiffiffi

3
p

which is rotated by an angle of 30� with respect to the former.

For the triangular structure formed holographically the complete PBGs always appear in

inverse structures (air columns in dielectric material) with high dielectric constant instead of

normal structures [26]. However, the complete PBG may be obtained for normal structure

(dielectric column in air background) with lower dielectric contrast (ε = 3.8). Figure 4 indicates

the relations of relative band gap Δω/ωwith maximum peak value to filling ratio f for different

dielectric contrasts. Computations show that the peak value of optimum relative PBG not

always augments with the increase of dielectric constant ε for normal structure, instead, the

peak value reaches the maximum at about ε = 8.9, such as 9.9% with f = 15.9% for ε = 8.9 and

c = 1.2, which is larger than the result (8.8%) of best designed pincushion columns with the

same dielectric constant [27]. Specially, in this kind of normal structures, the required mini-

mum permittivity to open a complete photonic band gap with Δω/ω > 1% is near 3.8, which is

much lower than the value of 6.4 in the case of pincushion columns [27] and lower than all the

results of 2D photonic crystals ever reported before. In addition, the complete PBGs of this

Figure 2. Relation between the value of c and the corresponding maximum relative band width when ε = 13.6. The two

peaks of relative band gap occur at c = �0.1 and 0.08.
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Figure 3. The hybrid triangular lattice, where red dots define triangular sublattice, blue dots define another group with

lattice constant a=
ffiffiffi

3
p

rotated 30�.

Figure 4. The relations of relative band gaps to different filling ratios f.
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normal structure exist over wide ranges of coefficient c, filling ratio f and dielectric constant,

which can relax the experimental conditions greatly.

2.2. Photonic band gap in 3D-PhCs

An important way to make 3D PhCs by HL is the interference of four umbrellalike beams

(IFUB) where three ambient beams (A-beams) form the same apex angle θwith a central beam

(C-beam), as shown in Figure 5 [28, 29]. The possible lattices that IFUB may produce and the

polarization optimization in the formation of different lattices have been discussed in the

previous works [30, 31]. As a special case of IFUB, the symmetric umbrella configuration,

where any two of the three A-beams also form the same angle, is widely used in HL since it

can be conveniently realized with the use of a diffraction beam splitter (DBS). The continuous

increasing of apex angle θ leads to continuous variation of primitive vectors, reciprocal vectors

and the irreducible Brillouin zone of the resultant structure.

The interference of four noncoplanar plane waves of the same frequency will result in an

intensity distribution

I ¼ I0 þ 2ΔI rð Þ, (2)

where

I0 ¼
X

4

j¼1

E2
j , ΔI rð Þ ¼

X

i<j

EiEjeij cos Ki � Kj

� �

� r þ ϕi0 � ϕj0 þ σij

h i

, (3)

I0 is the background intensity, ΔI is the spatial variation of intensity, φj0 is initial phase of the jth

wave, eij = |ei�ej*|, and σij = arg(ei�ej*). The four wave vectors are expressed as functions of the

apex angle θ,

K1 ¼ 2π=λð Þ
ffiffiffi

3
p

=2
� �

sinθ;� 1=2ð Þ sinθ; cosθ
� �

,

K2 ¼ 2π=λð Þ �
ffiffiffi

3
p

=2
� �

sinθ;� 1=2ð Þ sinθ; cosθ
� �

,

K3 ¼ 2π=λð Þ 0; sinθ; cosθð Þ,
K4 ¼ 2π=λð Þ 0; 0; 1ð Þ:

(4)

With the angle θ increasing from zero to 180�, the shape of Brillouin zone changes from a small

hexangular plane spreading out on xy plane to a simple cubic at θ = 70.53� and finally to a long

hexangular pillar along z axis. Figure 6 gives the lattice structure and the Brillouin zone

calculated at the special angles θ. The special case of θ = 38.94� corresponds to the fcc structure

which belongs to space group No. 166 (R3m), the structure of θ = 109.47� is approximate to

Schwarz’s triply periodic minimal D surface [32].

The plane-wave expansion method [18] was used to study the PBG properties of structures

of this kind and search for the corresponding optimum volume filling ratio f yiel-

ding maximum relative PBGs. Figure 7 shows the maximum size of the relative PBG for

the optimum filling ratio at different apex angle θ. The complete PBGs exist over a very
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Figure 5. Symmetric umbrella recording geometry and the coordinate system used for calculations.

Figure 6. (a) The lattice structure at θ = 70.53� and (b) the irreducible Brillouin zones of rhombohedral structures for

θ = 60�, (c) θ = 70.53� and (d) θ = 80�.

Figure 7. Relative band gap of optimized structures as function of apex angle for 33� < θ < 135� when ε = 11.9.
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wide range of apex angle from 33 to 135� except the narrow region from 49 to 55�, and the

resultant PBGs of simple cubic-sc, face centered cubic-fcc and body centered cubic-bcc

accord with the previous works nicely [32]. The relative PBG width is a continuous function

of apex angle with three peaks, and the PBG gradually decreases to zero at θ = 33� and 135�.

The first peak of 6.05% corresponds to the rhombohedral structure appears at θ = 36.5�.

The second of 10.23% corresponding to the sc structure occurs at θ = 70.53�; and the third

one of 21.57% corresponds to the bcc structure at θ = 109.47�.

As mentioned above, the fcc lattice can be obtained by the interference of one central beam and

three ambient beams symmetrically scattered around the former, but the structure made in this

geometry has only quite a narrow PBG of 5.35%. An alternative beam design was proposed to

fabricate the fcc lattice with a large complete PBG, but it requires four beams incident from two

opposite surfaces of a sample [33], making it difficult to realize in practice. So a five-beam

symmetric umbrella configuration is proposed to make 3D PhCs with large complete PBGs.

The proposed recording geometry of five-beam symmetric umbrella configuration is shown in

Figure 8, where the central beam (C-beam) is set along the z direction, while the four ambient

beams (A-beams) are in the yoz and xoz planes, respectively, to form the same apex angle θ.

The above mentioned five wave vectors can be expressed as,

K1 ¼ 2π=λð Þ � sinθ; 0; cosθð Þ, K2 ¼ 2π=λð Þ 0; sinθ; cosθð Þ,
K3 ¼ 2π=λð Þ sinθ; 0; cosθð Þ, K4 ¼ 2π=λð Þ 0; � sinθ; cosθð Þ,
Kc ¼ 2π=λð Þ 0; 0; 1ð Þ:

(5)

This geometry can be realized by using a DBS to obtain a zero-order diffracted beam and four

symmetric first-order diffracted beams. The polarization of the central beam is circularly polarized

and all the four A-beams are linearly polarized. The unit polarization vectors of five beams are

e1 ¼ e3 ¼ 0; 1; 0ð Þ , e2 ¼ e4 ¼ 1; 0; 0ð Þ , ec ¼
1
ffiffiffi

2
p 1; � i; 0ð Þ, respectively (6)

In general, the lattice structures are tetragonal symmetric structures. The continuous increase

of apex angle θ leads to continuous variation of primitive vectors, reciprocal vectors and the

Figure 8. Symmetric umbrella recording geometry and the coordinate system used for calculations.
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irreducible Brillouin zone of the resultant structure. At θ = 70.53�, the structure is fcc symmetry

with respect to diamond structure. Around 70.53�, the lattice is face-centered-tetragonal (fct)

symmetry. Figure 9(a) and (b) show the real fcc structure and its primitive cell fabricated by

five-beam symmetric umbrella configuration at θ = 70.53�, which obviously differ from the

rhombohedral structure of fcc symmetry and its primitive cell formed by four-beam symmetric

umbrella configuration at θ = 38.94�, as shown in Figure 9(c) and (d). At the apex angle of

θ = 90�, the body-centered-cubic (bcc) lattice can be obtained. For value of θ is near 90�, the

structure has body-centered-tetragonal (bct) symmetry.

Full photonic band gaps exist over a very wide range of apex angle with a relatively low

refractive index contrast. Figure 10 represents the relative gap sizes of optimized structures

for the apex angle range of 50� < θ < 115� with a dielectric constant contrast of 11.9 to 1

corresponding to silicon in air. It is clear that there are complete PBGs above 10% in the range

of 52� < θ < 112�, and even larger PBGs above 20% for 59� < θ < 92�. The maximum relative gap

size of 25.1% appears at θ = 70.53� corresponding to fcc structure, and the relative gap size of

Figure 9. (a) The real fcc structure formed by five-beam symmetric umbrella configuration at θ = 70.53� and It = 1.39; (b)

the primitive cell of fcc structure; (c) the rhombohedral structure of fcc symmetry constructed by four-beam symmetric

umbrella configuration for θ = 38.94�; and (d) the primitive cell of the lattice structure of (c).

Figure 10. Relative band gap for 50� < θ < 115� when ε = 11.9. The solid symbols are the date for fcc and bcc structures at

θ = 70.53� and 90�, respectively.
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bcc structure is 21.3% at θ = 90�. Figure 11 gives the band structure of the fcc lattice with a large

PBG from 0.330 to 0.425ωa/2πc between the second and third bands. Comparing with the four-

beam symmetric umbrella configuration, one can find that two results have the similar PBGs of

21.3% for the bcc lattice structures, and the biggest PBG of 25.1% for fcc lattice structure

formed by five umbrellalike beams is much larger than the value of 5.35% formed by four

umbrellalike beams for the shape reason of PhC lattice cell.

2.3. Photonic crystal waveguide

A waveguide can be created in the PhC slab by introducing a linear defect in the in-plane 2D

periodic structure [34, 35]. Since the ability to guide light waves around sharp corners with

high efficiency is crucial for photonic integrated circuits, many studies have been carried out

concerning waveguide bends through sharp bends in 2D PhC slabs [36, 37]. However, all these

works limit the studies to the structures formed by air rods with regular circular cross sections.

PBGs for PhCs made by HL may be different from those of regular structures, so will the

propagation properties.

When the 2D periodic structure is a triangular Bravais lattice formed by the interference

technique of three noncoplanar beams [26], the structure was filled with a material of high

refractive index and then removing the template, an inverse structure can be obtained. When

the intensity threshold It changes from 3.0 to 2.1, the shape of air holes of this inverse structure

changes gradually from a circle to a hexagon approximately. a waveguide with two 60� bends

are shown in Figure 12(a) with the distance between two bends of 9a.

Some peaks of transmission may result from the resonance between two bends in the wave-

guide of ordinary PhCs with circular air holes [38]. The band diagram of the PhC configuration

has been calculated with the intensity threshold of It = 2.5 and filling ratio of f = 48.7% for the

TE-like mode. Figure 12(b) indicates the transmission and reflection spectra of the waveguide.

Figure 11. Photonic band structure for the fcc structure with θ = 70.53�. The position of the high symmetry points

together with the irreducible Brillouin zone are shown in the inset.
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The red curve here corresponds to the transmission spectra and the blue one to the reflection

spectra. High transmission of more than 90% can be obtained in a wide frequency range from

0.298 to 0.310 (ωa/2πc). The transmission spectrum of similar PCWwith sole 60� bend is shown

in Figure 12(b). It is clear that the frequency range of high transmission (>90%) of Figure 12(b)

is much wider than Figure 12(c). This difference convincingly demonstrates that the existing

resonance between two bends induce strong effect on the transmission property of the PCW,

which can be used to optimize the PCWdesign effectively.

Different from the total internal reflection and photonic crystal fibers (PCF) with full 2D PBGs

by introducing line defect, a 2D photonic crystal waveguide (PCW) formed by an air core and

two identical semi-infinite layers of left-handed holographic PhC is proposed to confine light

in air waveguide. As shown in Figure 13, The EFCs plot and wave-vector diagram of TM2

band in the HL photonic crystal indicate the PhC is left-handed. Considering the symmetry of

Bloch modes of this PhC, the incident interface can be placed in ГM or ГK directions. Simula-

tions have demonstrated that the incident beam can readily travel through the PhC slab with

the input surface interface normal to ГM direction, but restrained in ГK direction, which may

originate from the symmetry mismatch between the external incident wave and the Bloch

mode of this PhC structure [39].

Figure 12. (a) Schematic of a 2D PhC waveguide with two 60� bends and transmission (red curve) and reflection spectra

(blue curve) of the PhC waveguide (b) with two bends and (c) one bend.

Figure 13. (a) The dielectric pattern of cross section with It = 2.33; (b) EFC plot and wave-vector diagram of TM2 band; (c)

effective index of TM2 band vs. the normalized frequency.
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An air waveguide is introduced in the PhC along ГK direction, as shown in Figure 14(a), with

the length 50a of PCW. The power flow can become negative in the PhC cladding when εx < 0,

but remain positive in the air core. By reducing the air width to a critical thickness for TM

mode at certain frequency, the group velocity decreases to zero due to the energy flow in the

air core was offset by the energy flow of the PhC cladding [39]. According to the result of Ref.

[40] the wave vector of guided waves can be given by kz =mπ/dwithm = 1,2,…, and the guided

waves can pass through the super waveguide composed of one air layer and LHM for the

width of air waveguide d > λ0/2 (λ0 is the wavelength in air). The larger d is, the more modes

are guided in the super waveguide. To satisfy the guided condition the width of air layer d is

chosen to be equal or greater than that of 2 layers. A Gaussian pulse with the frequency

spanning from 0.26 to 0.38 is excited at the input (left) side of the waveguide to investigate

the transmission properties of this holographic PCW. The transmission spectrums of different

widths of air waveguides are shown in Figure 14(b). Obviously, a high transmission (>90%)

happened in the frequency regime from 0.315 to 0.365 through the air waveguide with the

width of 4 layers, corresponding to 0 < |neff| < 1, which verifies the oscillating modes has a real

propagation constant [40]. With the width of air waveguide reducing from 4 to 2 layers, the

group velocities decrease gradually and backscattering loss becomes the dominant factor [41],

the critical excitation frequency changes from 0.315 to 0.334 and the transmittance decreases

gradually for the backscattering loss weakening the guided Bloch mode.

Figure 15 shows TM field in the waveguide with 3 layers of air width for the cases when

frequencies are (a) 0.28, (b) 0.315 and (c) 0.33 respectively, light attenuation can be seen clearly

in Figure 15(a) as a result of vertical scattering loss. Since air thickness decreases from 4 layers

to 3 layers, the group velocities slow down and the backscattering loss becomes a dominant

loss factor. The light with the frequency of 0.315 display a low transmission in the waveguide

as shown in Figure 15(b). Figure 15(c) verifies that the incident wave with frequency beyond

the minimum critical excitation frequency can be well confined to the air waveguide. Based on

the symmetry mismatch between the incident wave and the Bloch modes of the holographic

PhC, a holographic PCW without PBGs can also efficiently guide light in a wide frequency

region with high transmission efficiency.

Figure 14. (a) Schematic of the holographic PhC waveguide with a 4 layers width; (b) variation of transmission spectrum

for the holographic PCW with different air width.
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3. Anomalous refraction behaviors modulated by PhC bands

Photonic crystals can exhibit an extraordinarily high, nonlinear dispersion such as negative

refraction and self-focusing properties that are solely determined by the characteristics of their

band structures and equal frequency contours (EFC) [42–44]. The 2D honeycomb structures

Figure 15. Snapshots of the propagations of TM polarization monochromatic wave at the frequencies of (a) 0.28, (b) 0.315

and (c) 0.33 in the holographic PCWof It = 2.33 with 3 layers width.
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formed by single-exposure interference fabrication methods is used to investigate a series of

HL PhC structures in order to obtain comprehensive understanding of the anomalous refrac-

tive properties in PhCs.

The filling ratio of the HL PhC is determined by the ratio of the total exposure dose. Silicon with

ε = 11.56 (i.e., n = 3.4) is used to analyze the dispersion characteristics of the holographic PhCs.

Figure 16(a) gives the cross section of the HL PhC sample. The EFCs plot and wave-vector

diagram of TM2 band in Figure 16(b) illustrated the EFCs around point Г are convex and shrink

with increasing frequency, indicating the PhC is left-handed. Due to the symmetry mismatch

between the external plane wave at normal incidence and the Bloch modes of this PhC as

mentioned above, the interface between PhC and free space is arranged along the ГK direction.

As shown in Figure 16(a), the surface of dielectric PhC slab with the trigonal flange (cut 0.4a) was

disposed to reduce the reflection and scattering losses effectively [45], because of the effective

index gradually varying tomatch with free space. A continuous monochromatic TM polarization

plane wave at the desired frequency ω = 0.348 incidents on the PhC slab with the incident angles

of θ = 30� and 60�. The wave patterns are shown in Figure 16(c) and (d), respectively, with the

refracted beams and incident beams symmetrically located on the same side of normals, which

illustrate the effective refractive index of this PhC is neff = �1, and the phenomenon of negative

refraction in this PhC is an absolute left-handed behavior with Kr � Vgr < 0.

For a continuous point source of ω = 0.348 located on the upper side of the PhC slab with the

distance of do1 = 8.0a away from the upper interface (i.e., the object distance), as shown in

Figure 17(a), the image point approximately locates at the edge of the lower surface with the

image distance di1 = 0. In Figure 17(b), the relevant image distance becomes di2 ≈ 4.6a for the

object distance of do2 = 3.5a. Obviously, the sum of do and di in this PhC slab is nearly a constant

and satisfies the Snell’s law of a flat lens with neff = 1. In addition, note that there is an internal

focus inside the PhC slab of Figure 17(b), which is a clear evidence of LHMs following the

geometric optics rules.

Multi-refraction effects in the 2D triangular PhC have also been found [43]. The special EFC

distributions of different bands can be used to predicate the propagating properties of incident

electromagnetic wave (EMW). The EFC plot of the second band is shown in Figure 18(a) with

almost straight EFC in the ΓK direction at the frequency of 0.26 a/λ. The group velocity vgr of

refracted waves ought to be perpendicular to the incident surface among the incident angle region

from 0 to 35�, which have been demonstrated by the simulation results in Figure 18(b)–(d).

This unusual collimation effect has a series of exciting potential applications, such as spatial light

modulator and optical collimator.

The k-conservation relation is observed in wave-vector diagrams [44]. Traditional EMWs

propagate in media with their wavefronts perpendicular to the energy flow direction. Here,

the EMW of 0.36 a/λ incident upon the ΓK surface at θinc = 25�, the wavefronts of refracted

wave are modulated by the periodic PhC to parallel to the energy flow direction with k � vgr = 0.

Figure 19(a) gives the analysis of EFC plot and wave-vector diagram. FDTD simulations of

electric field distribution in Figure 19(b) prove with the certainty of theory analysis results

with the parallel wavefronts extending along the transmission line.
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For the normal HL structure with triangular lattice symmetry of It = 1.90 (or f = 82.8%), the

EFC plots of TM2 and TM3 bands are calculated [46]. Different from the EFCs of inverse

HL structure, TM2 and TM3 bands intersect in the frequencies regime from 0.225 to 0.343.

Figure 16. (a) Schematic view of the HL PhC slab with the trigonal dielectric flange; and (b) the wave patterns of negative

refractions for different incident angles of (c) θ = 30� and (d) θ = 60�.

Figure 17. Field patterns for the flat superlens. The object distance is 8.5a (a) and 3.5a (b) for the interface normal to ГM

direction, and (c) 3.5a for the interface normal to ГK direction.

Figure 18. (a) EFC plot of the second band with the wave-vector diagrams at 0.26a/λ and the FDTD simulations of electric

field distributions with different incident angles of (b) 20�, (c) 30� and (d) point source incident.
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When a Gaussian beam of ω = 0.31 incidents on the ΓK surface at θ = 25�, the wave-vector

diagram is shown in Figure 20(a) with the blue circle representing the EFC in air, the brown

ring denoting the EFC of TM2 band, and the green hexagram corresponding to the EFC of

TM3 band. Obviously, the dashed conservation line intersects with EFCs of TM2 and TM3

simultaneously to excite two beams of left-handed negative refraction with different refrac-

tive angles, because of the unique EFC features, as shown in Figure 20(b) to verify this result.

The more complicated refraction behaviors can be excited in the higher band regions based on

the intricate undulation of one band or the overlap of different bands. As shown in Figure 21(a),

the sixth band has dual parallel EFCs with opposite curvatures by the red rings within the

frequency range from 0.44 to 0.47 a/λ within a wide scope of incident angle. As an example,

when the working frequency is chosen to be 0.46a/λ, the incident wave at θinc = 30� can excite

positive and negative refracted waves have the symmetrical refractive angles of �30�. The

seventh band has more frequency undulations circled by the blue rings which lead to the more

intricate triple refraction within the frequency scope from 0.488 to 0.50 a/λ (Figure 21(b)).

Figure 19. (a) EFC plot of the fourth band and wave-vector diagram at 0.36a/λwith θinc = 25
�; (b) the FDTD simulations of

electric field distributions.

Figure 20. (a) Wave-vector diagram of ω = 0.31 for TM2 (brown ring) and TM3 (green hexagram); (b) field pattern with

the incident beam of ω = 0.31 at the incident angle of 25�.
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4. Phenomena of zero phase delay in PhCs and application

Recently, materials with zero or near-zero-n has attracted great focus for the characteristics

of uniform phase and infinite wavelength [47–50]. A series of exciting potential applications

have been found in zero-nmaterials, such as wavefront reshaping [51], beam self-collimation

[52], extremely convergent lenses [53], etc. One of their best known applications is optical

links in lumped nanophotonic circuits over hundreds of wavelengths without introducing

phase shifts so as to reduce the unwanted frequency dispersion. Different strategies have

been provided to realize zero permittivity ε. One is to use metallic metamaterial structures

with effective zero permittivity and/or permeability [54, 55]. However, these metamaterials

suffer from the strong absorption loss of the metals and hence with greatly deteriorated

transmittance. Some alternative approaches have been provided, include the combination

of negative- and positive-index materials [52], the microwave waveguides below cutoff [56]

or the periodic superlattice formed by positive index homogeneous dielectric media and

negative index photonic crystals (PhCs) [57].

A plane wave can be described as ~E rð Þ ¼ Aexp i k � r þ φ0

� �	 


, where the symbols of A, k, r, ϕ0

denote wave amplitude, wave vector, position vector and initial phase. The spatial phase shift

is determined by the spatial phase factor k � r, with the traditional wave vector k pointing to the

direction of energy flow (i.e. the direction of group velocity νgr). Assuming the condition of k �

r = 0 is satisfied, the wave vector k is perpendicular to the energy flow with the wavefronts

extending along the propagation direction with the stationary spatial phase along the direction

of energy flow S. In general, it is difficult to modulate the direction of wavefronts in homoge-

neous materials. Since this formula of k � r = 0 can also be expressed as k � vgr = 0, by the

definition of group velocity νgr = ∇kω in PhCs, the group velocity vector is perpendicular to

EFCs pointing to the frequency-increasing direction. Hence, by adjusting the EFC distribution,

the condition of zero phase delay with k � r = 0 can be satisfied.

Figure 21. EFC plots of (a) the sixth band and (b) the seventh band.
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The PhC sample of triangular lattice is composed of dielectric rods with εr = 10, diameter

d = 10 mm, height h = 10 mm and lattice constant a = 10 mm. When the beam of the frequency

ω = 0.376 is incident upon the ΓK surface with the incident angle of θinc = 30�. The wave-vector

diagram of the fourth band is shown in Figure 22. According to the condition of boundary

conservation, two refracted waves can be excited in the PhC. The condition of k � r = 0 is

satisfied for the positive refracted wave. Simulations and experiments in a near-field scanning

system have demonstrated that the wavefronts exactly are parallel to the energy flow with

zero phase delay, as shown in Figure 23(a) and (b). The measured phase contrast image is

shown in Figure 23(c) at 11.213 GHz. Obviously, the incident wave and the exit wave can be

connected directly as if the PhC slab did not exist. Since the PhC structure can be engineered

readily with the large design flexibility, the frequency and incident angle of zero phase delay

can be adjustable in a relaxed PhC configuration design.

Another approach to realize zero phase delay in PhCs is based on the accidental degeneracy of

two dipolar modes and a single monopole mode generates at the Dirac-like point (DLP) with the

linear dispersions of Dirac cone at the Brillouin zone center of PhCs [58]. At the DLP shown in

Figure 24(a), the PhC can mimic the zero-index medium (ZIM) with the characteristics of

uniform field distribution. Linear dispersions near the center point induced by the triple degen-

eracy display many unique scattering properties, such as conical diffraction [59], wave shaping

and cloaking [60]. The dispersion properties obeying the 1/L scaling law near the DLP in the

normal propagation direction have been verified theoretically and experimentally [61] through

the dielectric PhC ribbons with the finite thicknesses, however, it is difficult to distinguish the

precise crossing point from the wide extremum range just relying on the transmittance spectrum.

A Gaussian pulse source of TMmode was placed in front of a PhC square-lattice array with the

incident angle of 90�, thus three transmission spectrums can be measured outside the other

three output interface of the PhC array with one in parallel direction and two in perpendicular

upward and downward directions. As long as the size is large enough, the PhC array can be

Figure 22. EFCs plot of the fourth band with the wave-vector diagram at ω = 0.376a/λ with θinc = 30�.
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regarded as an infinite PhC with the similar transmittance at the different exit boundaries with

the same interface structure. As shown in Figure 24(b), the upward and downward sharp

cusps embedded in the parallel and perpendicular extremum transmittance spectra intersect at

the DLP frequency, therefore, the DLP can be identified accurately due to the property of

uniform field distribution of PhC with effective zero index at DLP.

5. Conclusion

In summary, some novel kinds of 3- and 2-D lattices formed by holographic lithography have

been investigated to find that the complete PBG over wide ranges of system parameters can be

achieved by proper design. The beam design for making this structure is also derived. By using

the interference of symmetric four umbrellalike beams one can obtain complete PBGs over a very

wide range of apex angle, three special lattice structures of fcc, sc and bcc were achieved with

different complete PBGs of 5.35%, 10.23% and 21.57%. The similar PBG of 21.3% for the bcc

lattice structures, and the biggest PBG of 25.1% for fcc lattice structure were achieved by five

Figure 23. (a, b) Wavefront distribution in the PhC slab with different incident angles; (c) measured phase contrast image.

Figure 24. (a) Band structure of TM waves for the 2D square-lattice PhC at the normalized frequency ωD = 0.541. (b) The

simulated transmission spectra in the directions parallel and perpendicular to the incident propagation direction.
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umbrellalike beams, which is much larger than the value of 5.35% formed by four umbrellalike

beams for the shape reason of PhC lattice cell. The holographic PCW can efficiently guide light in

a wide range of frequency around sharp corners and the resonance between the two bends has a

close relation with the configuration of PhC which can be regarded as an important factor to

improve the transmission property of 2D PCW. Since the absolute refractive index 1 of the air

guiding core is larger than the effective index of PhC cladding, the total internal reflections can

be achieved approximately with a high transmittance in the PhC waveguide with the effective

refraction index near zero. For PhC waveguide when the width of air layer is greater than the

critical thickness, the problems of scattering loss can be avoided. The proposed left-handed

holographic PCW is more suitable for many applications in the area of photonic integrated

circuits, and the idea and method of analysis here open a new freedom for PCWengineering.

Different from the anomalous phenomena of PhCs in the high bands, the PhCs of honeycomb-

lattice in the lower band region are more suitable to realize the effect of all-angle left-handed

negative refraction. For the straight EFCs distribution in special directions, the regular PhC can be

applied to thedesign of optical collimator.Moreover,multi-refractionhas been found in the higher

bands. There are twoways to realizemulti-refractions, one arises from a single bandwith intricate

undulations and another originates from the overlap of multi-bands. The unique phenomena of

dual-negative refraction and positive-negative refraction have been found in the higher bands of

PhC. Based on the design flexibility of PhC, the transmission properties of PhC can be engineered

with a large freedom. These results are important and useful for the design of PhC device.

An efficient way to achieve EMW propagation with zero phase delay is to modulate the

wavefronts paralleling to the direction of energy flow. This method can be extended from 2D

to 3D cases or other artificially engineered materials, which opens a new door to obtain perfect

zero-phase-delay propagation of EMW and has significant potential in many applications.

Furthermore, the research found that the Dirac-like point of PhC can be identified accurately

by measuring the transmission spectra through a finite photonic crystal square array.

All these results can be extended to the fabrication of other artificially engineered materials

and provide guidelines to the design of new type optical devices.
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