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Abstract
In this article, we investigate how the photonic band gaps and the variety of band dispersions of photonic crystals can be

utilized for various applications and how they further give rise to completely novel optical phenomena. The enhancement of

spontaneous emission through coupled cavity waveguides in a one-dimensional silicon nitride photonic microcrystal is

investigated. We then present the highly directive radiation from sources embedded in two-dimensional photonic crystals.

The manifestation of novel and intriguing optical properties of photonic crystals are exemplified experimentally by the negative

refraction and the focusing of electromagnetic waves through a photonic crystal slab with subwavelength resolution.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is amazing that a simple analogy between an

electron in a semiconductor crystal (periodic arrange-

ment of atomic potentials) and a photon in a

periodically modulated dielectric medium can reveal

so enormously rich and novel electromagnetic (EM)

phenomena [1,2]. Photonic crystals (PCs), as we call

them now, are periodic dielectric, or metallic

structures, which possess a variety of band disper-
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sions, and band gaps, where the propagation is

prohibited for certain ranges of wavelengths. Using

different materials (i.e., different dielectric constants)

and by adjusting geometrical parameters, the propa-

gation of light can be modified virtually in any way in

a controllable manner. Furthermore, the scale invar-

iant nature of the governing Maxwell’s equations

enables the study of electromagnetic phenomena in

the first place, without being held back by structural

complexities. A similar advantage is also present from

a dimensionality point of view; that is, the lack of

confinement in spatial directions in 2D or 1D PC

structures does not hinder the investigation of certain

EM phenomena. Having said this, keeping the
.
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Fig. 1. Schematic of the coupled micro-cavity structure and the

experimental setup for measuring the photoluminescence spectra.
structural uniformity while scaling the PCs down to

optical wavelengths is still a challenging problem,

especially in three-dimensions (3D). Numerous fabri-

cation techniques are investigated in the last decade,

such as alternating layer deposition and etching process

for 3D PCs [3], and electron lithography in combination

with dry etching for 2D AlGaAs PCs [4]. The

investigation of PCs was quickly spread over a wide

range of photonics applications in the last decade,

gearing towards micro- and nanoscale to be used in

telecommunication and optical wavelengths [5–9].

In this paper, we aim to provide a brief review of

certain physical properties and applications of PCs.

The paper is organized as follows: First, we consider

the optical properties of coupled micro-cavity

waveguide (CMCW) structures in 1D PCs and the

enhancement of the spontaneous emission. Next, we

discuss how a 2D PC can be utilized to obtain a highly

directive radiation from embedded sources. The last

section is devoted to the experimental demonstration

and simulation of a completely novel optical

phenomenon, namely the negative refraction, and

subwavelength focusing through a 2D PC slab.
2. Coupled cavity waveguides in 1D photonic

microcrystals and the enhancement of

spontaneous emission

Many optical applications demand the ability to

control the spontaneous emission for inhibition or

enhancement. Fermi’s Golden Rule states that the

spontaneous emission rate is directly proportional to

the photon density of modes, G s � rðvÞ� v�1
g . By

introducing a defect into a PC structure, a highly

localized mode inside the photonic band gap appears,

where the density of photon modes can be altered

locally [10,11], analogous to the impurity states in a

semiconductor band gap [12]. The modification of

spontaneous emission from atoms placed in 1D

photonic band gap structures has been demonstrated

[13,14].

Here, we present the enhancement and guiding of

light through a coupled micro-cavity (CMC) structure

consisting of Si3N4/SiO2 (silicon nitride/silicon-

oxide) layers with l/2 SiO2 cavity layers using

photoluminescence (PL) spectra measurements

(Fig. 1). The layers were deposited on glass substrates
by plasma enhanced chemical vapor deposition

(PECVD) at 250 8C [14]. The cavities are introduced

by doubling the deposition time of the silicon-oxide

layers. The thicknesses are chosen as dL = 100 nm and

dH=70 nmforSiO2andSi3N4layersand200 nmforthe

cavity layers.Therefractive indicesandthicknessesof

layers were nSiO2
= 1.46, nSi3N4

= 1.98, dSiO2
=

124.8 nm, and dSi3N4
= 92.0 nm. The l/2 dcavity =

184 nm cavities were deposited with an intercavity

distance L = 4.5 pairs. The room temperature PL

measurements were performed using a 1-m double

monochromator with a spectral resolution of 2 nm and

an Ar+ laser operating at 488 nm with 120 mWoutput

power.Thetransmissionspectrumisobtainedbyafiber

spectrometer.

Fig. 2a shows the transmission spectrum of a CMC

structure with 36 Si3N4/SiO2 pairs and four Si3N4

cavity layers. Nearly full transmission is obtained

throughout the CMC band in agreement with transfer

matrix calculations. The PL spectrum in Fig. 2b shows

an overall enhancement of the spontaneous emission

across the CMC band from 690 to 770 nm, particularly

at the lower band edge, compared to PL spectrum of a

single Si3N4 layer. Similar observations were reported

[15,16].

Theoretical analysis of CMCs is formulated with-

in the framework of tight binding (TB) approxi-

mation [17–21]. Within the TB formalism, the

dispersion relation of the CMC is given by

vk ¼ V½1 þ k cosðkLÞ�, where V is the single-cavity

resonance frequency, k the TB coupling constant, and

L is the distance between adjacent cavities. For a

CMC structure, k can be calculated from k = Dv/2V
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Fig. 2. (a) Comparison of the measured (solid line) and calculated

(dotted line) transmission through the Si3N4/SiO2 coupled micro-

cavity structure. (b) Measured photoluminescence spectrum of the

CMC structure. The 5
 magnified thin curve denotes the PL

spectrum of single Si3N4 layer.
by measuring the single cavity resonance V, and the

bandwidth of the waveguide Dv. The group velocity

and lifetime of photons follows from this relation as

vg¼rkvk ¼�kLV sinðkLÞ; tp¼ ðL=vgÞ þ ð2pL=cÞ,
where L is the total length of the structure. Fig. 3

shows the calculated parameters using k determined

experimentally. We stress that vg at the guiding band

center is one order of magnitude smaller than that in

vacuum, and decreases further at the edges. Since

smaller group velocity enhances optical processes, this

property, combined with efficient transmission

through coupled cavity waveguides, brings important

advantages to optical applications. The position and

width of the guiding band can be set by changing the

thickness of the cavity layers and the intercavity

distance accordingly.
Fig. 3. (a) Calculated dispersion relation for a CMC sample using

TB coupling parameter k � 0.067. (b) Normalized group velocity

and (c) photon lifetime as a function of wavevector k. Notice that

vg ! 0 and tp ! 1 at the edges of the guiding band.
3. Highly directive radiation from photonic
crystals hosting embedded sources

In this section, we present an experimental and

theoretical study of the angular distribution of the
radiation emitted from a source embedded in a 2D PC.

The spatial confinement of the radiation emitted by

sources is highly desirable for certain antenna

applications. Several studies are reported, which

employ PCs for the confinement of the radiation as

a cover to the source [22–24], or the source being

embedded inside the PC [25,26]. By adjusting the

geometrical parameters of the PC and thus the band

structure, it is possible to confine the emitted power to

a very narrow region at certain frequencies. We also

show that the size of the PC is a critical parameter.

The photonic crystal in this study is a 2D square

array of cylindrical alumina rods of radius 1.55 mm

and a dielectric constant of 9.61. The crystal period is

1.1 cm. Band structure of the corresponding infinite

PC for TM-polarized EM waves is given in Fig. 4. In

the band structure we observe that at the minimum of

the second band (upper band), only the modes along

G–X0 are allowed to propagate inside the PC, where X0

represents all directions having the same symmetry

properties of X point. For the modes near the upper

band edge, kjj = kx � 0. Apart from an additive
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Fig. 4. The TM polarized second band of the PC in the first Brillouin

zone.

Fig. 5. (a) Experiment setup for a 2D 20 
 10 square array PC. The

electric field intensity distribution of a source located at the center

and operating at the second band edge frequency. Note the field is

localized in between the dielectric rods (air). (b) Lateral distribution

of the electric field intensity along the upper surface of the PC.

Fig. 6. (a) The transmission and delay time measured near the upper

band edge of the PC. (b) The far field radiation patterns of various

frequencies in the upper band emitted from the PC surface perpen-

dicular to the GX direction.
reciprocal lattice vector, kjj is conserved at the air–PC

interface [27].

Hence, we conclude that for a source embedded

inside the PC, operating at the upper band edge

frequency, the emitted waves should be transmitted

from the PC to air only along G–X0 direction. In

addition, the modes near the upper band edge are air

modes, i.e., most of the energy of the EM waves is

concentrated in the low dielectric material region as

the waves propagate through the PC (Fig. 5a). Hence,

when the waves near the upper band edge emerge from

the surface of the PC, most of the power will flow

through low dielectric material region of the PC

(Fig. 5b). In conclusion, we can regard the exit points

as radiation sources.

Delay time measurements of the present PC

structure shown in Fig. 6a indicate that the group

velocity near the upper band edge is reduced up to 22

times in comparison to air. Delay time is defined as

tp = @’/@v where ’ is the difference between the phase

of the EM wave inside the PC and in free space. Since at

the upper band edge the modes are allowed to propagate

only along G–X0, these radiation sources will have a

uniform distribution of phase differences. Therefore,

the surface of the PC can be regarded as an antenna

array operating at the upper band edge frequency with

similar spatial and temporal distribution of power and a

uniform phase difference. Consequently, the power

radiating in the G–X direction from the surface is

anticipated to be highly confined.

The experimental observation of the confined

radiation is performed by the setup depicted in
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Fig. 7. Measured (dashed curves) and simulated (solid curves) far

field patterns at the upper band edge frequency of 13.21 GHz for

different lateral lengths of the PC (a) 32 
 16, (b) 28 
 16, (c) 24 

16, and (d) 20 
 16 layers.
Fig. 5a. A monopole antenna is inserted in to the 2D

PC as an omnidirectional source. HP-8510C network

analyzer is used to excite the monopole source and to

measure the power emitted from the monopole source.

The measured far field radiation patterns for a square

array of 32 
 20 alumina rods at various frequencies

near the upper band edge are presented in Fig. 6b. The

minimum half power beam width is obtained at

13.21 GHz and found to be 88. The maximum delay

time, as shown in Fig. 6a occurs at 13.21 GHz. Hence,

we conclude that the upper band edge is at 13.21 GHz.

It is evident that the angular distribution of power

strongly depends on the radiation frequency. The

radiation patterns spread quickly for frequencies lying

deep in the upper band. This can be explained by the

presence of equal frequency modes along different

directions at these frequencies.

The measured and calculated far field radiation

patterns for different PC lateral lengths are presented in

Fig. 7. The measured half power beam widths show an

optimum crystal length, which is found to be 24 layers,

corresponding a beam width of 68. To our knowledge,

this is the minimum experimental value obtained from

PC embedded sources reported so far. We observe that

deviations from its optimum value affect both the

radiation pattern and the half power beam widths. The

change is more significant when the lateral length is

decreased from its optimum value. This can be

explained by the fact that the strength of the surface

radiators decreases rapidly away from the center of the

PC (Fig. 4b). Consequently, increasing the lateral length

(adding more but weaker surface radiators) is less

significant when compared to the effect of decreasing

(removing stronger surface radiators).
4. Negative refraction and point focusing using a

photonic crystal superlens

The previous two sections can be considered as

examples of the improvement of existing optical

processes by utilizing the optical properties of PCs.

However, there is more that the PCs can provide. In

this section, we consider some examples of the novel

optical phenomena that have become accessible by the

PCs.

In 1960, Veselago [28] proposed and investigated

the electrodynamics in a medium possessing negative

index of refraction. Almost four decades after its

introduction, the realization idea of such media has

been revived, albeit using artificial composite struc-

tures having negative permittivity and negative

permeability, respectively [29–32], bringing contro-

versial ideas along with it [33–35].

Meanwhile, several studies reported anomalous

refraction at the PC interfaces called ‘‘super prism

phenomenon’’ [36–38]. Following this, PCs made a

surprising entry in the quest for the realization of

negative index materials. Analysis of the band

structures of PCs revealed that the underlying

mechanism for the negative refraction in PCs is not

unique. When the incident field couples to a convex

PC band in k-space, the ‘‘negative’’ curvature of the

band causes the beam bend negatively [39,41],

although the PC essentially remains to be a ‘‘positive

index’’ medium. Alternatively, if the group velocity

and phase velocity derived from the band dispersion

are antiparallel for all values of k, the effective index

of refraction becomes negative [40]. Both mechanisms

are confirmed experimentally [41,42].

In this section, we review the experimental

investigation of negative refraction and subwave-

length focusing of microwaves through a 2D PC slab

reported recently [41]. The PC consists of a square

array of alumina rods in air with the dielectric constant

of e = 9.61 and a diameter of 3.15 mm. The PC lattice

constant is a = 4.79 mm. The transverse magne-

tic(TM) polarized valence band of the photonic crystal

calculated by plane wave expansion method is shown

in Fig. 8a. Following the analysis of Ref. [39], the

scaled frequency range that gives negative refraction

for the present structure extends from ṽ ¼ 0:2093 to

ṽ ¼ 0:24673 (ṽ ¼ va=2pc;where a is the PC period).

The EFSs for air and PC at ṽ ¼ 0:2189 are shown in
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Fig. 9. Schematics of the experimental setup. In the refraction

experiment, a transmitter horn antenna and a receiver monopole

antenna are used. In the focusing effect experiment, both the

transmitter and receiver are monopole antennas.

Fig. 8. (a) TM polarized band diagram of the PC. Negative refrac-

tive region is shaded. (b) Frequency contours of air (bottom) and PC

(top) at va/2pc = 0.2189 (f = 13.698 GHz). u denotes the incidence

angle from air to PC.

Fig. 10. Comparison between negative (top) and positive (bottom)

refraction. (a) Grey dots (grey curve) denote the measured (simu-

lated) average intensity at the at the air–PC interface without PC.

Black dots (black curve) denote the measured (simulated) power at

the PC–air interface. (b) Same as in (a) but using a slab of

polystyrene pellets instead of PC.
Fig. 8b. We note that the conservation of surface-

parallel wave vector gives the direction of the

refracted waves inside the PC, as indicated in this

figure.

The experimental setup consists of an HP 8510C

network analyzer, a horn antenna as the transmitter,

and a monopole antenna as the receiver (Fig. 9).

Electromagnetic waves at frequency ṽ ¼ 0:2189 are

incident to the GM interface at an angle of 458. The

spatial distribution of the time averaged field intensity

along the air–PC and PC–air interface locations are

measured first without the PC (i.e., freespace

propagation), and then with the PC. In addition, the

finite difference time domain (FDTD) method is used

to simulate this experimental setup, in order to obtain

the refracted beam profile. Fig. 10a shows the

measured and simulated spatial distributions of
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Fig. 11. Focusing: Measured power distribution (dots) and calcu-

lated average intensity (solid curve) at the image plane. Full width at

half maximum of the measured image is �0.21l. Spatial power

distribution without PC is also shown (dotted thin line).
intensity at both interfaces. It is evident that the

outgoing beam profile is shifted to the left (negative)

side, relative to the incident beam profile. For

comparison purposes, the refraction through a slab

that contains only polystyrene pellets (refractive index

of n = 1.46) is shown in Fig. 10b.

For the selected frequency, the incident field

couples to the first band and propagates according

to its dispersion as a single beam, since l> 2
ffiffiffi

2
p

(i.e.,

no Bragg reflections). Therefore, Snell’s Law may be

applied to the PC as neff(f, ki) sin ur = nair sin ui, where

ui is the angle of incidence, ur the angle of refraction,

and neff(f, ki) is the frequency dependent, anisotropic

refractive index along the propagation direction ki.

This yields neff = �1.94, which is very close to the

value of �2.06 calculated by the FDTD method.

In the aforementioned frequency range the EFCs

are square shaped around the M point (Fig. 8b); hence

the anisotropy of the refractive index is evident. This

also restricts the angular range, where vgkijj< 0 (while

vgki > 0), vg = 5kv(k) is the group velocity inside the

PC, and kijj is the component of k parallel to the

interface. At 13.698 GHz, negative refraction is

observed for ui > 208 and the respective EFCs for

air and for the PC have almost the same diameter,

which maximizes the angular range of negative

refraction for this structure. At higher frequencies,

total internal reflection reduces the maximum inci-

dence angle with negative refraction; whereas at lower

frequencies the minimum angle where negative

refraction occurs increases.

The presence of negative refraction raised a heated

debate on the possibility of superlensing [43–45].

Ideally this required an isotropic index of refraction

with a value of �1. Anisotropy and deviations from

negative unity will distort the focusing, but still exhibit

unusual focusing properties. We tested the focusing

properties of the present PC by a 15 
 21 layered slab

structure. A monopole antenna is used as the point

source 0.7 mm away from the air–PC interface, and

the power distribution at the image plane (0.7 mm

away from PC–air interface) is scanned. The full width

at half maximum (FWHM) of the focused beam is

found to be 0.21l, which is in good agreement with

simulation (Fig. 11). The calculated FWHM of the

beam at this plane in the absence of the PC is found to

be 5.94l, which implies a 25
 enhancement

compared to the free space case.
To investigate the subwavelength resolution, the

same PC is used first with two coherent sources at

13.698 GHz and then with two incoherent sources

driven by separate signal generators operating at

13.698 and 13.608 GHz, respectively, to exclude

interference effects. In both cases, the sources are

separated by a distance of �l/3 and placed 0.7 mm

away from the photonic crystal interface. Fig. 12

shows the lateral intensity profile in the image plane

0.7 mm away from the PC–air interface. In both cases,

the source pair is clearly resolved. In contrast, no

feature indicating source positions is visible in the

absence of the PC. One can argue that the observed

enhanced resolution can be attributed to the high

refractive index as in the case of oil (or solid)

immersion microscopy, where higher wave vectors,

evanescent in air, can transmit through the crystal and

form a near-field image with subwavelength resolu-

tion. To test this, we simulated two dielectric slabs of

n = 3.1 and n = 15, respectively, for the incoherent

source pair. We note that n = 3.1 is also the refractive

index of the alumina rods used in constructing the PC.

Even with impractically high refractive index (n = 15),

subwavelength resolution is not present (dashed lines

in Fig. 12b). Besides, the large reflection due to high

index contrast at the interface significantly reduces the

transmitted power, when compared to the high (63%)

transmission obtained from the PC at this frequency.

So, even if the observed subwavelength is associated
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Fig. 12. (a) Measured (dots) and simulated (solid curve) power

distribution at 0.7 mm away from the PC–air interface for two

coherent sources separated by �l/3 at 0.7 mm away from the

air–PC interface. Dotted line denotes the simulated intensity profile

in the absence of PC. (b) Same setup with two incoherent point

sources. The lower dashed and dot-dashed curves indicate the power

distribution for uniform dielectric slabs with refractive indices

n = 3.1 and n = 15, respectively. Note the magnification of the curve.
with near field effects, this is not achievable by

ubiquitous materials.

The negative refraction and focusing effects

reported here depend solely on the dielectric constant

of the materials and on the geometrical parameters of

the photonic crystal. Using transparent semiconduc-

tors with refractive indices similar to that presented

here, it may be possible to observe these effects in

optical wavelengths just by scaling the structures.
5. Conclusions

In this article we presented certain optical proper-

ties of PC structures. The improvement of existing

optical applications by PCs is exemplified by the

enhancement of spontaneous emission through a PC-
based coupled micro-cavity waveguide, and by the

exceptionally directive radiation from an omnidirec-

tional source embedded in a PC. We then discussed a

novel and unusual optical phenomenon observed in

PCs, namely the negative refraction. This phenom-

enon may lead to optical applications such as flat

lenses with subwavelength focusing abilities. These

examples also demonstrated that the utilization of

photonic crystals can be scaled down or up across the

entire electromagnetic spectrum, thus making them

potentially available for a wide range of applications.

In summary, PC structures are anticipated to be an

essential component of photonic integrated circuits in

the near future.
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