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1 Introduction

	 Photonic crystal [1, 2] was pioneered by Eli Yablonovitch at Bell Communications Research [3] 
and Sajeev John at Princeton University [4]. Photons behave in a photonic crystal is analog to electrons 
behave in a solid state crystal. A solid state crystal is characterized by an energy bandgap. A solid state 
crystal is a structure composing charged particles in a regular order. The regular structure creates electronic 
potential including bandgap. The bandgap indicates that an energy band is forbidden. No electron will be in 
that energy band. A photonic crystal is a structure of composing light scattering particles in a regular order. 
Similarly, there is a forbidden energy band, meaning there should be no photons having energy within the 
forbidden band that can exist in the structure. Since a photon is always in moving or propagating state, and 
the energy of photon is associated with the light frequency, this means that photon or light having a certain 
frequency cannot exist or pass through the structure of photonic crystal. 
	 In a sense, the photonic crystal is like an interference color filter that blocks light of certain frequency 
band. For an interference color filter, the blocking of light occurs for a certain direction of the incident 
light. For example, the blocking of light occurs for a normal incident light only. For other directions, the 
incident light may not be blocked. However, in a photonic crystal, the light path can be in two dimensional 
or three dimensional. In contrast to an interference filter, the light of the forbidden energy or frequency 
cannot propagate in any direction, not only a certain direction, while light of other energy or frequency can 
freely propagate in the photonic crystal. 

2 Anti-reflection (AR) coating

	 For comparison, we first review an anti-reflection (AR) coating. The AR coating is a well known 
method to prevent reflection. For example, a lens of eye glasses is usually covered by an AR coating. The 
lens can be coated with a thin film of MgF2 having a thickness of t. Before the coating, the incoming light is 
incident from the air, having refractive index 1, on the lens made of glass, having refractive index 1.5. The 
refractive index of MgF2 film is 1.38, which is between 1.0 and 1.5. After the coating, when light arrives 
from the coated side, light is partially reflected at the interface of the MgF2 film and the air as shown in 
Fig 1. Light partially transmits through the MgF2film, and is again partially reflected at the interface of the 
MgF2 film and the lens. The light reflected at the interface of the MgF2 film and air will interfere with the 
light reflected at the interface of the MgF2 film and the lens. If a constructive interference occurs, we will 
have strong reflection, if a destructive interference occurs, we will have weak or no reflection. The AR 
coating produces the destructive interference between two reflected beams, thus no reflection results. All light 
will be transmitted through the MgF2  film into the lens. This happens when the two beams have a phase 
difference of π. In other words, the two beams are out of phase. The two beams have a phase difference of 
π, when the two beams have an optical path difference of λ/2, where λ is the wavelength of light. 
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Fig 1. MgF2  film AR coating, beam 1 and beam 2 cancel each other.

	 Figure 1 shows schematically a MgF2 thin film coated on the surface of the lens of the eye glasses. 
The thickness of the film is t, and the refractive index of the film is 1.38. The optical path difference between 
beam 1, reflected at the interface of the MgF2 film and the air, and beam 2, reflected at the interface of the 
MgF2 film and the lens is 2tnFilm = 2 × 1.38 t = 2.76 t. To result in a destructive interference, the optical 
path difference must be λ/2, where λ is the wavelength of light. For λ = 550 nm and t ≈ 100 nm, there is 
no reflected light, all light is transmitted. Notice we have assumed that the incident light is normal to the 
MgF2 film, and λ = 550 nm as the central wavelength.
	 On the other hand, if t is 2 × 100 nm, or the optical path difference equals to λ, the reversed situation 
occurs, there is no transmitted light, all light is reflected. This shows that light interference can result in a 
forbidden energy band. The light energy is associated with the frequency. No light having frequency f, where 
f = c/λ, c is the speed of light and λ is the wavelength of light, can pass through the MgF2 film, although 
light having other frequencies are not affected. For this example λ = 550 nm. Sometimes, frequency of light 
is expressed as ω, angular frequency, where ω is 2πf. 

3 Interference Filter

	 We now review an interference filter. An interference filter is made by multiple thin films. Usually, 
the multiple thin films are alternating thin film having low refractive index and thin film having high refractive 
index. For example, films of high refractive index ZnS (n = 2.35) and films of low refractive index cryolite 
(n = 1.35) are used. A multilayer interference filter is schematically shown in Fig 2.
	 Attention should be given, actually, when beams 1 and 2 in Fig 1 are reflected, and when they 
propagate from a low refractive index material to a higher refractive index material, they both have phase 
shift of π. Since both beams have the same phase shift of π, the phase shifts do not affect the interference 
result of two beams. 
	 Referring to Fig 2, beam 1 comes from lower refractive material, e.g., air having n = 1, to high 
refractive material, e.g., ZnS having n = 2.35, when beam 1 is reflected at the interface, beam 1 has a 
phase shift of π. However, beam 2 comes from high refractive material, e.g., ZnS having n = 2.35, to low 
refractive material, e.g., cryolite having n = 1.35, when beam 2 is reflected at the interface, no phase shift 
is introduced.
	 If the thickness of the high refractive index film is quarter wavelength  divided by the high 
refractive index, tHigh = (λ/4)/nHigh, and the thickness of the low refractive index film is quarter wavelength 
divided by the low refractive index, tLow = (λ/4)/nLow, the interference of beam 1, beam 2, and beam 3 will 
be constructive. The optical path difference between beam 1 and beam 2 is λ/2 + λ/2 = λ. The optical path 
difference between beam 2 and beam 3 is also λ/2 + λ/2 = λ. The interference of beam 4, beam 5, and beam 
6 repeats the same result as the interference of beam 1, beam 2, and beam 3.
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	 In conclusion, we can construct a structure that the propagation of light having a wavelength λ is 
blocked, since the light having a wavelength λ is totally reflected. In other words, the energy of the light 
having frequency f, where f = c/λ, is forbidden in the structure. If the structure has a defect, the constructive 
interference will be affected that light of frequency f will be transmitted.
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Fig 2. Multilayer interference filter consisting of alternating high and low refractive layers.

4 X-ray Bragg Diffraction

	 The X-ray Bragg diffraction is an example of the diffraction of 3D structure. When a collimated 
X-ray is incident to a crystal, the X-ray will be diffracted as shown in Fig 3. We consider only the incident 
beam that makes angle θ with the crystal plane and its scattered beam that also makes the same angle θ with 
the crystal plane. To get constructive interference between beam 1 and beam 2, the optical path difference 
must be λ or mλ, where λ is the wavelength of light, and m is an integer.
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Fig 3. X-ray diffraction by a crystal.
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	 The optical path difference between beam 1 and beam 2 is (CB + BD), which is 2dsinθ, where d 
is the period of the periodical structure of the crystal. Therefore in order to get a constructive interference 
between beam 1 and beam 2,
	 2d sin q = ml,� (1)

which is known as the Bragg condition. 
	 To apply Eq (1) to Bragg diffraction, a condition that the incident angle being the same as the 
diffraction angle must be satisfied. Figure 4 shows this condition. The optical path difference between beam 
1 and beam 2 is (CB – AD). Since CB = AD = d0cosθ, when the incident angle is the same as the diffraction 
angle, the optical path difference is always zero regardless of d0, which is the space between two scatters 
on the crystal plane
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Fig 4. Waves scattered by scatterers on the crystal plane.

5 Photonic Bandgap

	 For light incident at the normal to the crystal plane, θ in Eq (1) is 90o, and sin θ = 1, thus Eq (1) 
becomes
	 2d = ml� (2)
Note, in general expression, Eq (2) is written as
	 2d = ± ml� (3)
	 Substitute

	 l = 2p
k

	�  (4)

where k is the wave number, into Eq (3), yields

	 k = ±m p
d

� (5)

	 For light propagating in free space, since f = c/λ, f is the frequency of light, c is the speed of light 
and λ is the wavelength of light, and referring to ω = 2πf and k = 2π/λ, we may have
	 ω = ck,	 (6)
where ω is angular frequency, and k is the wave number.
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	 Equation (6) is illustrated in a dispersion curve of light in free space, which is plot of ω versus k 
as shown in Fig 5. Note that ω is positive since it is associated with the energy. 

 ω 

k 

ω=ck 

2π/d –π/d π/d –2π/d 

ω = –ck 

Fig 5. Dispersion curve of light in free space.

	 We have assumed that θ = 90o, thus the diffracted beam is the reflected beam of the incident beam. 
For the Bragg condition given in Eq (5), the reflected beam will have constructive interference, and the 
incident light is fully reflected. Thus no light can propagates in the crystal. It means that group velocity of 
light is zero for the Bragg condition. The group velocity [5, 6] can be expressed as follows.

	 Group velocity = dw
dx

� (7)

	 Therefore, the dispersion of light in the Bragg crystal is illustrated in Fig 6, where dω/dk = 0 for 
k = ± π/d, ± 2π/d, ….. The curve is horizontal for dω/dk = 0. The curve deviates from the straight line 
dispersion curve in free space.
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Fig 6. Dispersion curve of light in the Bragg crystal.

	 The dispersion curve can be plotted in the region between –π/d and π/d only, which is called the 
first Brillouin zone [6]. The curve in other regions is folded to fit in the first Brillouin zone as shown in 
Fig 7. By presenting the dispersion curve in the first Brillouin zone, the bandgap appears, which is a band 
of angular frequencies or frequencies that forbidden for all possible values of k. The photonic bandgap is 
for 1D structure, since we have limited that the incident light is normal to the crystal plane.
	 The photonics bandgap in 3D structure is obtained by solving Maxwell’s equation as follows.

	
( ) ( ) ( )

2

2
1 H r H r
r c

ω
ε

  ∇ × ∇ × = 
  

 
 
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

,� (8)
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where ( )H r


  is the magnetic field of the photon, ω is its angular frequency, c is the speed of light, and 
( )rε 

 is the microscopic dielectric function. The solution ( )H r


  and ω are determined completely by 
( )rε 

. If ( )rε 

 is perfectly periodic, as in a photonic crystal, the solutions to Maxwell’s equation will have 
bandgaps. The solutions are characterized by wave vector k



, which is a vector form of the wave number 
k. The region of all allowed wave vectors is called the first Brillouin zone. The collection of all solutions 
is termed a band structure. The geometry of ( )rε 

 will lead to complete bandgaps in the band structure. A 
bandgap is a region of angular frequency with no allowed photons for any value of wave vector k



 inside 
the first Brillouin zone, as shown in Fig 7. 
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Fig 7. The photonic bandgap in the first Brillouin zone.

6 Yablonovite and Woodpile

	 In the previous sections, we have reviewed some optical phenomena that are similar to but not a 
photonic crystal. If an antireflection coating is made to enhance the reflection, it is similar to a photonic 
crystal for only one direction of the incident light. Similarly, an interference filter is similar to a photonic 
crystal for only one direction of the incident light. We have analyzed the photonic bandgap in the Bragg 
crystal only for one direction of the normal incident light.

Fig 8. Schematic diagram of Yablonovite.
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	 Yablonovite is the first man-made photonic crystal [7]. The name of  Yablonovite is to honor the 
inventor, Yablonovitch. Yablonovite is a block of material with a refractive index of 3.6 having periodical 
mechanically drilling holes of one millimeter in diameter. Yablonovite prevents microwaves at about 15 GHz 
or λ ≈ 2 cm from propagating in any direction inside it, in contrast to only one direction in an interference 
filter.
	 Figure 8 illustrates a Yablonovite. Yablonovite is made by covering the block of material with a 
mask consisting of a triangular array of holes. Then each hole is drilled through three times at an angle of 
35 degrees from the normal and spread out 120 degrees on the azimuth. This forms a network of intersecting 
holes below the surface with an FCC (face centered cubic) structure. Figure 9 illustrates a FCC structure.

 
Fig 9. Schematic diagram of FCC (face centered cubic) structure.

	 Ideally we need to build a truly 3D lattice structure to gain complete control of the light in all three 
dimensions. Several ingenious ways to produce these 3D photonic crystals have been devised in addition to 
Yablonovite. For example, Ozbay et al [8] at the Ames Laboratory reported a photonic crystal with a bandgap 
at microwave wavelengths by stacking micromachined silicon wafers in a “woodpile” structure as shown 
in Fig 10. The key to their success was the accurate alignment of successive layers, inaccurate alignment 
destroys the band gap. However, it becomes increasingly difficult to achieve the required accuracy as the 
dimensions of the structure are reduced, and as the number of layers is increased, in an attempt to make a 
device that operates at optical wavelengths.

Fig 10. Schematic diagram of photonic crystal woodpile.

7 Photonics Crystal Fiber

	 Photonic crystal fiber is based on a 2D photonic crystal pioneered by research group at Bath 
University in United Kingdom [9]. Figure 11 shows schematically a cross-section of a photonic crystal 
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fiber. The fiber has a hollow core surrounded by an array of hollow holes. Light with the certain operating 
wavelength in the hollow core cannot escape from the hollow core because of the photonic crystal structure 
prevents the propagation of light on the 2D cross-section shown in Fig 11. However, light with the certain 
operating wavelength in the hollow core can propagate along the hollow core, like light propagates in a 
regular optical fiber.
	 This special type of fiber has the trait that it will only send out a single mode of light, regardless 
of the size of the diameter of the core. The wavelengths in the fiber are no longer affected by dispersion [6]. 
The fiber with hole in the center may be able to transmit considerably more information than the current 
telecommunications fibers. The fiber typically guides light only in a relatively narrow wavelength region 
with a width of e.g. 100–200 nm and can be used e.g. for pulse compression with high optical intensities, as 
most of the power propagates in the hollow core.Since the light is not actually guided by the glass material, 
very highpower laser signals could potentially be transmitted along the fiber without damaging it

Fig 11. Schematic diagram of the cross-section of photonic crystal fiber.

8 Photonic crystal waveguide and cavity

	 A photonic crystal having a bandgap will not allow light within the bandgap to propagate in the 
crystal. However, we can introduce a defect such that the light within the bandgap can now propagate locally 
in the crystal, at the position of defect. The photonic crystal may be a square lattice of dielectric rods. If 
we introduce a line defect, we can guide light from one location to another. 

Fig 12. Schematic diagram of photonic crystal waveguide.
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The basic idea is to carve a waveguide out of an otherwise perfect photonic crystal. Light that propagates in 
the waveguide with a frequency within the bandgap of the crystal is confined to, and can be directed along 
the waveguide. The photonic crystal waveguide can continue to confine light even around tight corners 
[10] as shown in Fig 12. This allows the construction of very small optical circuits. Note that for a regular 
waveguide based on different refractive indices, light will escape at the corner if the corner is tight. 
	 We may also create a defect to trap light at a point within the crystal [11] as shown in Fig 13. By 
removing a rod from the lattice, we effectively create a cavity which is surrounded by reflecting walls. If 
the cavity has a proper size to support a mode in the bandgap, then light cannot escape. The cavity can be 
used for LED or microlaser. Photonic crystals can be used to control spontaneous emission in the LED or 
microlaser by changing the properties of the defect states.

 

Fig 13. Schematic diagram of photonic crystal cavity.

9 Concluding Remarks

	 We have reviewed the effect of photonic crystal starting from a comparison to anti-reflection coating 
and interference filter without solving Maxwell’s equation. This may be a quick way to get a preliminary 
understanding of photonic crystal, although, it may not be an accurate analysis.

References
	 1.	 Busch K, Lolkes S, Wehrspohn R B, Foll H, (Eds), Photonics Crystals, (Wiley-VCH, Weinheim, Germany), 

2004.
	 2.	 Madou M J, Fundamentals of Microfabrication and Nanotechnology, Volume I, 3rd Edn, (CRC Press, Boca Raton, 

Florida), 2012.
	 3.	 Yablonovitch E, Inhibited spontaneous emission in solid-state physics and electronics, Phys Rev Lett, 

58(1987)2059.
	 4.	 John S, Strong localization of photons in certain disordered dielectric superlattices, Phys Rev Lett, 

58(1987)2486.
	 5.	 Hecht E, Optics, 4th Edn, (Addison Wesley, San Francisco, California), 2002.
	 6.	 Saleh B E A, Teich M C, Fundamentals of Photonics, 2nd Edn, (Wiley-Interscience, Hoboken, New Jersey), 

2007.
	 7.	 Yablonovitch E, Gmitter T J, Leung K M, Photonics band structures: the face-centered cubic case employing non-

spherical atoms, Phys Rev Lett, 67(1991)2295.
	 8.	 Ozbay E, Michel E, Tuttle G, Biswas R, Sigalas M, Ho K M, Micromachinned  millimtere-wave photonic band-

gap crystals, Appl Phys Lett, 64(1994)2059.



334	 Feijun Song and Suganda Jutamulia

	 9.	 Knight J C, Birks T A, Russell P St J, Atkin D M, All-silica single-mode optical fiber with photonic crystal cladding, 
Opt Lett, 21(1996)1547. 

	10.	 Mekis A, Chen J C, Kurland I, Fan S, Villeneuve P R, Joannopoulos J D, High transmission through sharp bends 
in photonic crystal waveguides, Phys Rev Lett, 77(1996)3787.

	11.	 Slusher R, Semiconductor microlaser and their applications, Opt Photonic News, 4(1993)8.

[Received: 25.02.2015; accepted: 28.02.2015]


