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Heavy photons at coupled-cavity waveguide band edges in a three-dimensional photonic crystal
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We report on measurements of delay time corresponding to evanescent coupled-cavity modes in three-
dimensional photonic crystals. By creating a defect inside the crystal, photons are confined within a boxlike
cavity of volume~(M\/2)3. It is observed that photon lifetime increases drastically and group velocity of
photons tends towards zero at the waveguiding band edges of the periodic coupled cavities. Experimental
results are well explained within the classical wave analog of the tight-binding picture. Observation of the
extremely small group velocity and long photon lifetime at the coupled-cavity waveguide band edges have
important potential applications.

In the last several years, there has been much interest wf ~0.26. The unit cell consists of four layers having the
physics and applications of spatially periodic dielectric orsymmetry of a face-centered tetragoffat) crystal structure.
metallic structures, photonic band gap materials, which inThe crystal exhibits a three-dimensional photonic band gap
hibit propagation of the electromagnetiEM) waves within ~ extending from 10.6 to 12.8 GHZ:*

a certain range of wavelengths in all directidrfsThe in- The experimental setup consists of a HP 8510C network
tense experimental and theoretical investigations continue oahalyzer and microwave horn antennas to measure the
localization of light"* tunneling phenomena in photonic
systems;® alteration (i.e., inhibition and enhanceménof (@)
spontaneous emissions: T Localized

By introducing a defect into a photonic crystal, photons W W _— Mode

with certain wavelengths can locally be trapped inside the
defect volume, which is analogous to the localized impurity
states in a semiconducttfRecently, we experimentally and
theoretically investigated splitting of the EM modes due to . . ) . X
coupling between the evanescent cavity modeamd guid- : A ¢ | Region “\Defect
ing and bending of EM waves through periodic coupled cavi-
ties in three-dimensiondBD) photonic crystald? In this pa-
per, we measure the delay time corresponding to localized (b)
cavity modes inside a 3D photonic crystal. We report on
observation of heavy photons at the waveguiding band edges
of the coupled-cavity array by measuring photon lifetime and
group velocity of photons along the cavity arrsig. 1(a)]. .
A formula for the photon lifetime is derived within the tight-
binding (TB) formalism™*5~8hat well describes the experi-
mental results. For the two coupled-cavity case, it is also
observed that photons in the antibonding mode spend more
time inside the cavities compared to the bonding mode.
Heavy photons or photons with a extremely low group
velocity play a critical role in enhancing the efficiency of
nonlinear processé&$2%’and gain enhancement in the pho-
tonic band edge lasé?.Moreover, the spontaneous emission
rate can be increased since the effective gain is proportional
to 1/vg.20 The low group velocity was proposed near the
band edges of one-dimensional photonic band-gap

FIG. 1. (a) Schematics of propagation of photons through local-
9,21
structures. Recently, Vlasowt al. have observed that the. ized coupled-cavity modes within a photonic crystal. Amplitude of

optical pulses significantly slow down at the 3D photoniCyq syongly localized EM modes is enhanced inside each cavity,
crystal band edges in the visible Spectrf,lzm.. which leads to higl® factors and long lifetimer, . The transit time

A layer-by-layer dielectric based photonic Crygfc'ytflwag is the sum of the escape rate of photons from the cavity 4nd the
used to construct the coupled cavities. The crystal consists @finneling time between the cavities,). (b) Experimental setup for
square shaped alumina rods having a refractive index 3.1 @teasuring the transmission-amplitude and transmission-phase spec-
the microwave frequencies and dimensions 0.32<0032  tra of the coupled cavities in 3D photonic crystals. By removing

cmx15.25 cm. A center-to-center separation between th@ome portion of a single rod, we can confine photons within a
rods of 1.12 cm was chosen to yield a dielectric filling ratio volume ~ (A /2)3.
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FIG. 2. (a) Transmission through a photonic crystal with a 0.000 L L ) . ]
single defect. Transmission has a peal)at 11.954 GHz withQ n7 18 M9 12 121 122
=940. (b) Photon lifetime,r,= d¢/dw, as a function of frequency. Frequency (GHz)

Corresponding lifetime at the resonance frequency is 23 ns. Trans-
mission spectrunic) and (e) and delay time(d) and (f) for two
coupled cavities with five unit cell crystal. The bonding and anti-
bonding resonances occurs @=11.833 GHz andw,=12.012
GHz, with 75=34 ns andr, =37 ns. The delay time corresponding
to the antibonding mode is always longer than the delay time of th
bonding mode.

FIG. 3. (a) Transmission through ten unit cell periodic coupled
defects. (b) The measured and calculated delay time for this
coupled-cavity waveguidéCCW). The photon lifetime increases
rapidly at the waveguiding band edgés) The normalized group
velocity versus frequency. Hereis the speed of light in a vacuum.
%hotons slow down significantly at the waveguiding band edges
(vg—0), and the maximum group velocity is two orders of magni-
tude smaller thamw.

transmission-amplitude and transmission-phase spHeiga

1(b)J. Removing some portion of a si_ngle rod from an ot_h- +E“(r—A>A()]/\/§ and Eﬁ(r)=[EQ(r)—Eﬂ(r—Ai)]/\/f.
erwise perfect crystal leads to confmﬁed modes with highconfinement of the antibonding mode is stronger than the
quality-factorsQ=A\/\, around 1006° Photons of wave-  ponding mode, since the magnitude of the antibonding field
length\~2.5cm are confined within a very small volume has nonzero values only near the defect si®se Refs. 27
order ofV, ~1 cn?. The electric-field polarization vector of and 28 for a more quantitative analysis of bonding and anti-
the incident EM field was alWﬁyS paral|9| to the rods of thebonding modes in photonic Crysta|$-jowever, our observa-
defect lines for all measurements. tion still needs more theoretical investigations. It is important

We first measured the transmission spectra and the delay note that based on our experimental results, the lifetime is
time for a four unit cell CryStal with a Single Ca.Vity. Delay direct'y proportional to the qua“ty factor Vl%x Q/Q
time or photon lifetime is defined ag=d¢/Jw and that can When the number of defects is increased, a guiding band
be obtained from the transmission-phase measuremenighich we called a coupled-cavity wavegui@@CW) band, is
Here ¢ is the net phase difference between the phase of thgyrmed within the photonic band gap. For a ten unit cell
EM wave propagating through the photonic crystal and therystal, we measured the transmission amplitude, transmis-
phase of the EM wave propagating in free space for a totadjon phase, and the delay time. Figuréa)3shows the
crystal thicknessL. Figure 2a) displays the transmission transmission-amplitude properties of the CCW band extend-
peak at(}=11.954 GHz within the photonic band gap. The ing from 11.798 GHz to 12.105 GHz. As shown in Fig.
quality factor of this peak is 940. At the resonance fre-3(p), the delay time has two peaks at the CCW band edges
quency, the delay time also has a peak wigl=23ns[Fig.  implying that the transit time for photons at the band edges
2(b)]. through the crystal is increased significantly.

Next, we determined the transmission and phase informa- The dispersion relatiom, of the periodic coupled cavities
tion of two consecutive defects with intercavity distante can be obtained from the transmission-phase data. By mea-
=1.34 cm. The single mode in the pI'EViOUS case Sp”ttEd int@,uring the net phase differengeas a function of frequency

bonding and antibonding modes aizg=11.833GHz and ,, the wave vectork of the crystal can be determined
wa=12.012 GHz withQ=1183 andQ= 1365, respectively directly:*

[Figs. 4c) and 2e)]. Figures 2d) and Zf) show the delay

time as a function of frequency for the two coupled defect k=o¢/L+27wlc, (1)
Cgse' The lifetime of these hybridized resongnt modes AlGherelL is the total crystal thickness, arudis the speed of
7p=34 “SBa”dT?=37 ns. In all measurements, it is observedg jight in vacuum. The dispersion relation can also be de-
thatrﬁ> Tp- This observatl.on may be explained qgalltatlvelytermined within the classical wave analog of the TB
by exploring the properties of the corresponding mOde%pproximatioﬁﬁ’”’l&“

which can be written as the superposition of the individual

cavity modes at each defect sidefj(r):[EQ(r) w=0Q[1+ kcogkA)], (2
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where Q) is the resonance frequency of a single defeact, ' ' ' ' '

=—0.013 is the TB parameter which was determined from 35 1 — Experiment i
the splitting of two coupled cavities. Combining Ed3.and — Theory
. o 25
(2) along with definition ofr,, we got a formula for photon -
lifetime as a function of frequency: g 15 L
o
L/A 5 H .
()= - 2+27TL/C (3
QVK = (0/Q=1) 11.4 11.8 12.2 12.6
This formula shows that the lifetime of photons increases Frequency (GHz)

rapidly as we approach to the waveguiding band edges. Fig- r|G. 4. The measured and calculated delay time for the single

ure 3b) displays the comparison between the experimentalod removed CCW. The photon lifetime also increases drastically at
and the theoretical results. The measured photon lifetime ighe waveguiding band edges.

in good agreement with the calculated results. The oscilla- o ) .

tions in the Fig. &) is due to the finite number of unit cell in volume is bigger than in the previous case, and therefore the

the crystal.

photon lifetime for a single cavity is around 5 ns. As shown

Group velocity of photons along the coupled-cavity arrayi” Fig. 4, the delay time increases drastically at the CCW

can be deduced from the dispersion relation, i.e.(Zgas
vg= Vkw=— kAL sinkA). In Fig. 3c), the normalized

group velocity is plotted throughout the CCW band. We ob-
served thav ;—0 at the CCW band edges, and this result

supports the long photon lifetime proposal.

band edges and agrees well with the calculated result by
using Eq.(3). In this case, the group velocity also tends
towards zero at the edgésee Fig.(4) of Ref. 13.

Physically, the heavy photons in the photonic band gap
structures are analogous to the electrons in semiconductors
having energies near the band edges. The corresponding

Let us calculate the transit time of photons through thegigenfunctions are standing waves rather than the running
crystal of thickness =13.4 cm. The average group velocity \yayes, and therefore the effective mass of electrons becomes

of photons is simply determined from v,
= Al 5™ (k)dk=2|k|AQ/ 7. Then the transit time is

given by r=L/vg=mL/2 k| AQ. It can be assumed that

consists of the escape rate of photons from the cavities, i.
delay time (,) and the time spent between the cavities, i.e.

tunneling time ¢,).” Since 7 IS very long compared with

7;, We can neglect the tunneling time. Hence, we found tha
7,=7~10ns. This value agrees well with the experimental

and the theoretical results in Fig(d for frequencies away
from the band edges.

very large®®

In summary, we have presented our experimental obser-
vation of heavy photons at the coupled-cavity waveguiding
band edges in the 3D photonic crystals. The theoretical
analysis based on the classical wave analog of the tight-
binding scheme is in good agreement with experimental re-
ults. Extremely small group velocity offers a promising tool
o0 increase the spontaneous emission rate, efficiency of non-

linear processes, and for optoelectronic devices.
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