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3-Dimensional Photonic Crystals



Willem Vos Complex Photonic Systems (COPS), MESA+ Institute & Department of Science and Technology, Universiteit Twente, Enschede, The Netherlands



Goal of these lectures Obtain insight in the physics of photonic crystals via relevant length scales. Emphasis on experiments. [Meanwhile, I will try to distract you with various details and with some personal viewpoints]



Supplementary information? Please visit our website: www.photonicbandgaps.com >100 papers (pdf), >15 Ph.D. theses (pdf), introductory material, “photonic games” (Java applets), advertisements for positions (postdoc). Also information on other fancy photonics: Anderson localization, random lasers [see poster Karen van der Molen].



Outline of the lectures 1. General intro (what is a photonic crystal, band gap?) 2. When & how do photonic band gaps form? 3. How to make a 3D photonic crystal? _________________________________________



4. The essential but often overlooked role of disorder. 5. Spontaneous emission control. 6. Special topics: i. switching, ii. near-field. 7. Discussion, conclusions.



Many thanks to Femius Koenderink Tijmen Euser Peter Lodahl Ivan Nikolaev Willem Tjerkstra



Lydia Bechger (recent PhD’s) Philip Harding ROb van Loon Karin Overgaag Léon Woldering



Ad Lagendijk



Allard Mosk (senior)



Former group members: H. van Driel (Toronto), J. Galisteo Lopez (Madrid), A. Irman (Twente), P. Johnson (Utrecht), M. Megens (Philips), R. Sprik (Amsterdam), M. Wubs.



And also thanks to F. van Driel, D. Vanmaekelbergh, J. Kelly (Utrecht) E. Flück, L. Kuipers, N. van Hulst (Twente) R. Balkenende, F. Roozeboom (Philips), I. Setija (ASML) D. Wiersma, S. Gottardo (Florence, Italy)



Support: FOM and NWO



1. General introduction. From condensed matter physics to photonic crystals. Photonic band gap: the real thing? Dreams and nightmares.



Maxwell ↔ Schrödinger equation Rewrite as stationary eigenvalue equation, with momentum p, potential V, wavefunctionψ : (p2+V) ψ = Eψ .



[neglect spin, polarization]



Light: eigenvalues E = ω2 r Light: potential Vlight = (1 − ε ( r ))ω 2 ⇒ Spatial variation ε(r) controls optical potential Vlight.



Photons & electrons are most similar in stationary case. See: Lagendijk & van Tiggelen, Phys. Rep. 270 (1996) 143.



Maxwell ↔ Schrödinger equation Light: eigenvalues E = ω2 > 0, r potential Vlight = (1 − ε ( r ))ω 2 Light: Eigenvalues > Potential (in contrast to electrons). ⇒ No localization at low energy. “Anderson” localization occurs as a result of multiple scattering. ⇒ Intermediate regime ω ≈ a−1.



From: S. John, Physics Today (May 1991), 44.



Photonic crystal Brilliant buzzword by Yablonovitch&John.



λ



a



“Crystal”: ordered dielectric composite. Refractive index n varies ⇒ light is scattered. “Photonic”: a ≈ λ ⇒ interference, Bragg diffraction. (What happens if aλ?)



diffraction in every direction (3D) ⇒ gap in the DOS.



photonic band gap crystal free space
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band gap n:/tekst/present/praatjes/plaatjes/simplgap.opj



Strong interaction light+crystal:



Density of states ("DOS")



3D photonic band gap
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Eli Yablonovitch, Sajeev John (1987)
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Frequency



photonic band gap crystal free space
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band gap



Band gap does: • shield quantum 0 0 systems from noise, Frequency • inhibit spontaneous emission, • localize photons by disorder, • even: change dispersion forces (e.g. van der Waals).



n:/tekst/present/praatjes/plaatjes/simplgap.opj



Density of states → density of vacuum fluctuations.



Density of states ("DOS")



3D gap: consequences



3D Photonic band gap (cartoon) 3D Photonic band gap: frequencies at which no modes exist at all.



λ



It’s dark inside, incident light is Bragg reflected. Term “photonic band gap” has become inflated. What’s special? What’s the difference with a 1-D mirror?



Light source in a 3D band gap Perfect 3D crystal with internal light source ( ): emission inhibited, still dark inside! (We have observed such an effect.) In a 1-D omnidirectional mirror, no such thing happens. Hooijer et al., Opt. Lett. 25 (2000) 1666.



Long-range goal: “nano-box” 1 defect in bandgap: tiny single-mode cavity, “nano-box”. + two-level system (atom, quantum-dot). ⇒ Strong coupling between light-mode & two-level system? Even more ambitous → many coupled nano-boxes!



Dreams or nightmares? MIT The field is driven by “microdreams of photonic crystal polis” microchip circuits, (1997). g n i r e t t with (0/1) switched by a c s e l p i t l u . 1 ) m , # t e l r r y non-linear optics … . u u e b 2 t l c l i t Ki iller # men y diff xt lec
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Toronto, 3D chip (2003).



Don’t worry, be happy … … there are excellent reasons to study photonic crystals! And there is plenty of exciting stuff to do: - Physics of waves in complex materials. - Wide open opportunities: quantum optics, spontaneous emission control, ultrafast switching, near-field optics, ... - Applications: everything with small systems.



2. When & how do band gaps form? One number to compare all photonic materials. How to build-up a photonic band gap starting from Bragg conditions.



Photonic interaction “strength” Photonic crystal, consist of e.g. 2 materials with indices n1, n2 What does light “feel”??



Vos et al., NATO-Crete (2001) 191 & Phys. Rev. B 53 (1996) 16231



Photonic interaction “strength” Photonic “strength”:



4πα m −1 r Ψ= ≈ 3φ 2 P(GR ) v m +2 2



m=n1/n2 φ =r volume fraction P( r GR) = form factor GR = scattering vector x radius Vos et al., NATO-Crete (2001) 191 & Phys. Rev. B 53 (1996) 16231



Photonic interaction “strength” Photonic “strength”:



4πα m −1 r Ψ= ≈ 3φ 2 P(GR ) v m +2 2



m=n1/n2 φ = volume fraction band gap: Ψ > ~0.15 - 0.2 Ψ also describes: m > 2.8 (fcc) atomic lattices, m > 2 (diamond) resonant systems, completely disordered systems.



Photonic interaction “strength” In photonic crystals: Ψ ≈ width of stop band



∆ω ε hkl Ψ≈ = ω c ε 000 Ψ defines a length:



LBragg



λ = Ψπ



LBragg = distance to build up Bragg diffraction. So your system has to be this large: L > LBragg!



0.2



4πα/V



Ψ vs. volume fraction of dielectric spheres. Maximum: form factor decreases [NATO-Crete (2001) 191].



m=2.8 m=1.2 m=1.2 our expts.
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p:/data/optica/colloidxtal97/gaps97_2002.OPJ



Photonic interaction “strength”
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density (vol%)



[see poster Philip Harding]
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Ψ vs. frequency for a system of 2-level Cs-atoms.
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Why does a band gap form?
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c= k/n



Why do high bands become flat and conspire to form a photonic band gap??
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Why not at higher frequencies?
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ω/c [2π/a]



Low frequencies: ω/c ~ k/navg



p:/projects/switch/plaatjes/may18run123switching.OPJ



inverse opal, ε=11, 74 vol% (F. Koenderink)
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Wavevector k



What does Bragg diffraction do in this story??



X



W K



wave in nlow



stop gap Bragg



→ Stop gap, gap in 1 direction.



photonic crystal free space



Frequency ω



Simple Bragg diffraction: 2 waves are mixed, incident+diffracted.



n:/tekst/present/praatjes/plaatjes/2Bands_2.opj



Simple Bragg diffraction, stop gap
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Naive picture: band gap is the overlap of all simple Bragg stop bands.
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Bragg conditions on Brillouin zone edge for 2D square lattice (schematic example).



p:/present/praatjes/plaatjes/simplpbg_Brgg.OPJ



PBG = sum of Bragg conditions?? Bragg: ~1/sin( θ)



Gap?
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0 0



But where are the “flat” bands?? Let’s do an experiment.
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Bragg diffraction not so simple Bragg reflectivity: hkl=111 peak vs. angle.
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Why double peaks with avoided crossing?
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Reflectivity (%)



⇒ Multiple diffraction, 111 condition is modified by another one: (200).
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van Driel&Vos, Phys. Rev. B 62 (2000) 9872



s-pol. p-pol.
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Half-heights of peaks: stop band edges.



12000
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Flat bands is what we want



Multiple diffraction flat! (3 coupled waves) 10000 ⇒ band repulsion, 000+111 expt. flat bands. 8000 theory: bands 0 40 80 Needed for band gap! Angle of incidence (degrees) Here limited range. Ideal: flat throughout Brillouin zone. van Driel&Vos, Phys. Rev. B 62 (2000) 9872



[“2nd order”: >15 modes are in the mix!] Vos & van Driel, Phys. Lett. A 272 (2000) 101
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p:/theory/vandriel/000405.OPJ



more coupling with increased “strength” Ψ.



Reflectivity (%)



more interacting modes at high frequency,



st



1 order: (111)



Wave vector



Range of fcc-bandgap, many coupled waves:



p:/data/optica/lubo99/991014.OPJ



Onset of fcc bandgap: complex
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3. How to make a 3D photonic crystal? Requirements Various methods discussed.



Required for photonic band gap (i) • High refractive index contrast m=n1/n2 > 2…3 some numbers: air 1.0 water 1.3



glass 1.5 plastics 1.6



diamond 2.3 titania 2.7 Si, GaAs 3.5



(cf. for x-rays usually 0.9999< m 
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