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Radiation properties of sources inside photonic crystals
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In this work, we have experimentally studied the emission of radiation from a monopole source embedded
in a photonic crystal. We have demonstrated the enhancement of radiation at the band edges and at the cavity
modes including coupled cavity modes. Moreover, we have shown that the emission of radiation from a source
depends on the group velocities of the modes and on the electric field intensities of the modes at the source
location.
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I. INTRODUCTION pends on position and frequency. For a PC, LDOS is propor-
tional to the amplitude of the electric field at the position
The possibility of altering the spontaneous emission fromwhere the source is located. On the other hand, it is inversely
radiation sources by means of electromagnetic mode distrproportional to the group velocity of the modéw/dk, at
butions different from that of free space mode distributionwhich the source radiaté$In this sense, PC's provide enor-
was first predicted in 1946 by PurcélThis effect has been Mmous control over the radiation of a source, since for a PC it
investigated experimentally in cavities with simple geom-iS possible to find positions with high or low electric-field
etries, such as plane mirrors and sphéré¥ablonovitcf ~ amplitude and a mode with low or high group velocity. In
proposed a different class of periodic structures, which wéhis paper, we report the radiation properties of a finite-size
now call photonic crystaléPC's), that can be used to control line source, which we will call hereafter a monopole source,
spontaneous emission. PC's are structures with periodic dembedded inside a PC.
electric constant variations. Periodic dielectric constant
variations Iegd to electromagngtic band géaplsere therg are Il ENHANCEMENT OF RADIATION AND REDUCED
no propagating electromagnetic mogesong certain direc- GROUP VELOCITIES
. . _8 . .
tions in the crystat-® Absence of modes along certain direc-
tions can be used for various applications, such as micro- In our experiments, we have studied the emission of mi-
scopic lasers,resonant antennd8 and optical switche&* crowave radiation from a monopole source located inside a
Most of the work devoted to the PC’s up to now have PC and a monopole source located inside various defect
focused on the transmission and reflection properties of PC'structures created inside a PC. The monopole source is ob-
However, this provides little insight into how a PC modifies tained by removing 0.5 cm of the cladding from a coaxial
the emission properties of a radiating source. The effect ofable and leaving the metal part. The monopole source is
PC’s on the radiation properties of sources have been thethen excited by the network analyzer. An HP-8510C vector
retically investigated by several authd?s®!?Interesting network analyzer is used in our measurements. HP-8510C
phenomena such as photon-atom bound dressed $tatesjetwork analyzer is capable of measuring both intensity and
nonexponential decay of spontaneous emission near the baptiase. The phase information obtained from the measure-
edge!® and strong inhibition of emission and enormous en-ment is used to determine the delay time or the photon life-
hancement of radiatidh have been reported. These works time. The photon lifetime is defined ag=Jdeldw. Here,p
have revealed that PC's may provide far-reaching controis the net phase difference between the phase of the electro-
over the spontaneous emission and the radiation dynamics afagnetic(EM) waves propagating inside the photonic crys-
sources. For instance, spontaneous emission can be el and the phase of the EM waves propagating in free space
hanced, suppressed or attenuated in all or certain directiorfer a total crystal length of L. The photon lifetime corre-
by changing the density of modé&s. sponds to the propagation time of the EM waves inside the
Surprisingly, only a few experiments have been reportegphotonic crystaf® Hence, group velocity is inversely propor-
on the radiation properties of localized sources inside PC’sional to the photon lifetime. The photon lifetime and its
Preparation of well defined systems is the major problem fophysical interpretations have been rigorously studied by Oh-
such experiments. Some experiments have been performeakaet al?°=2°It has been shown that the optical density of
to investigate the emission properties of dye molecules emmodes is directly proportional to the photon lifetifte.
bedded inside PC¥.:'8 These experiments have led to dif-
ferent interpretations and are still subject to discus$icfl.

On the other hand, it has been suggested that similar effects" Enhanced emission from the monopole at the band edges

such as nonexponential decay ratesnhibition of radia- For a finite PC, the group velocities of the modes at the
tion 22 enormous enhancement at the band etfgesd cavity band edges are expected to be stialf and correspond-
mode$? can be observed at longer wavelength scales. ingly, the photon lifetimes are expected to be high. Hence it

The effect of PC’s on the radiation of a localized source isfollows that LDOS is high at the band edge modes as LDOS
encapsulated in local density of staté€9DOS), which de- is inversely proportional to the group velocity.

0163-1829/2003/620)/2051037)/$20.00 67 205103-1 ©2003 The American Physical Society



IRFAN BULU, HUMEYRA CAGLAYAN, AND EKMEL OZBAY PHYSICAL REVIEW B 67, 205103 (2003

\

—_
(=]
I

N
o
I
S
[\
~—

Frequency (GHz)
Transmission (dB)

0 *
r X M r
FIG. 1. Band structure of the corresponding infinite photonic

crystal. The first four TM polarized bands have been calculated by
plane wave expansion. (b)
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The PC used in the experiments is axZ% square array
of cylindrical alumina rods whose radius is 1.55 mm and
dielectric constant is 9.61. The separation between the center
of rods along lattice vectors =11 mm. The structure that
we have used in our experiments has a filling fraction of
0.062. The photonic band structure and the corresponding
eigenvectors are calculated by plane-wave expansion
method. Figure 1 shows the photonic band structure of the o'\
corresponding infinite photonic crystal for the first four T™M
polarized (electric field is parallel to the axis of the rgds -30 f s
bands. According to the band structure calculations the lower 8.50 SI-:?% Uenc (8G'?-(|)z) 8.95
band edge of the first band gap alofg X is at 8.70 GHz c) quency
and, the upper band edge of the first band gap aloAK is
at 13.20 GHz. -15} Transmission
We have measured the transmission properties and the | ===~ Photon Lifetime
photon lifetime of the PC along thE—X direction. The
transmission measuremgig. 2(a)] indicates that the lower
edge of the first band gap along the- X direction is around
8.7 GHz and the upper edge is around 13.2 GHz. These
values are in agreement with the photonic band structure
(Fig. 1). The measured photon lifetimes around the lower
band edge and the upper band edge are shown in Rigs. 2
and Zc), respectively. As shown in both figures, the delay
time significantly increases near the band edges. The photon 1
lifetime near thg lower gdge is 12.9 nsec, which isx14 13.0 1?5:equency2éﬁz) 133
larger than the time required for the em waves to propagate
along the structur€0.92 nset. So, the PC reduces the group  FIG. 2. (a) Transmission alond — X between 8 and 14 GHz.
velocity of light at this frequency by a factor of 14. For the (b) Solid curve represents transmission and dashed curve represents
upper edge, the lifetime is 19.2 nsec, which corresponds to photon lifetime for the lower band edge alohg- X direction. (c)
22 times reduction for the speed of light. Solid curve represents transmission and dashed curve represents
The enhancement factor for the EM waves emitted from &hoton lifetime for the upper band edge along the X direction.
monopole source along tHé— X direction is measured for
various source locations inside the center cell of the photoniment factor is not the same at all of the source locations. The
crystal. The enhancement factor is defined as the ratio of thenhancement factors presented in Fig&) &nd (b) show
intensity of the EM waves emitted from a source locatedthat the enhancement factor decreases for the lower band
inside the photonic crystal to the intensity of the EM wavesedge and increases for the upper band edge as we move the
emitted from a source in free space. Figurga) &nd (b) source away from the center rod. This can be explained by
show the enhancement factors measured at various sourtiee fact that the emission of radiation depends on the inten-
locations inside the center unit cell for frequencies near thsity of the modes at the source location. The modes of the
lower edge and the upper edge, respectively. The source ldewer band edge are dielectric modes, while the modes of the
cations are shown in Fig.(8. Although enhancement of upper band edge are air modes. Hence, as we move the
radiation is expected for the band edge modes, the enhancesurce away from the center rod, LDOS and correspond-
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40 the higher bands are flatter than the lower bands. This results
20 in lower group velocities for the upper band edge for a finite
. photonic crystaf® Hence we expect LDOS and enhancement
2 T factor to be higher for the upper band edge when compared
015 =2
o ) to the lower band edge.
= | The photonic band structuré=ig. 1) shows that at the
£10 g lower band edge frequency along the- X direction there
g 5 are modes along other propagation directions, such as the
8 5 o equal frequency mode alodg—M direction. So, a mono-
i 2 pole source placed inside the photonic crystal can also radi-
ate into these other modes. On the other hand, at the band-
""""""""" ez L i SRR 1) edge frequency along tHé—M direction, there are no such
131 13'}?equenc;3('é1|_|z) 1326 equal frequency modes along different propagation direc-
tions. Hence we expect to observe higher enhancement
(C) factors for the frequencies near the lower band edge along
'®) @) '®) I'=M when compared to th& —X direction. We experi-
A mentally check this argument by measuring the enhancement
HE factor near the lower edge of the first band gap along the
S| B I'=M direction. The lower edge along the- M direction is
: c around 10.15 GHzFig. 4). Figure 5 shows the enhancement

factor alongl’—M for various source locations inside the
center cell of the photonic crystal around 10.15 GHz. A
maximum enhancement factor of 4.2 is observed at the lower
: band-edge frequency along tieé—M direction, which is
O @) O higher than the maximum enhancement factor measured for

the I'— X direction.
FIG. 3. () Enhancement factor near the lower band edge along

I'—X for a source located at A: 0xla, B: 0.3Xa, C: 0.5Xa away 4
from the center rod. D represents the measured photon lifétine | ...
Enhancement factor near the upper band edge alonAK for a
source located at A: 04a, B: 0.3Xa, C: 0.5<a away from the
center rod. D represents the measured photon lifetioyé\, B, and
C show the source locations that are used in Figas. &d (b).

w

N

ingly, the enhancement factor is expected to decrease for the
lower band edge and increase for the upper band edge. We
also observe that the maximum enhancement factor for the
upper band edge is higher than the enhancement factor for
the lower band edge. This can be attributed to two major 0 L L :

fa_lctors. First, for the I_owe_r b_and edge_ the electrit_: field int_en- 9.9 1|9r'gquency (GI1-|(;)1 10.2
sity of the mode is high inside the high dielectric material.

Since the high dielectric region of the photonic crystal is not FIG. 5. Enhancement factor near the lower band edge along
experimentally accessible, the possible highest enhancement-M for a source located at A: :5a, B: 0.3Xa, C: 0.1x a away
factor cannot be measured for the lower band edge. Seconfilpm the center rod.

Enhancement Factor
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0.5 FIG. 7. (8) Enhancement factor for a source located inside a
cavity A: 0.2xa, B: 0.4xa, C: 0.6xa, D: 0.8xa, E: 1xXa away
0. L from the rod.(b) A, B, C, D, and E show the source locations that

) o are used ina).
FIG. 6. (a) Solid curve represents transmission and dashed curve

represents photon lifetime for the cavity mode). Contour plot of  group velocity, the computed mode profile in Figbshows
electric-field intensity for the cavity mode. Electric-field intensity {hat the intensity of the cavity mode is localized inside the
has been calculated by plane-wave expansion method<®$u-  cayity. Hence at the cavity mode we expect to observe high

percell has been used in the calculati).Intensity of the electric  onnancement factors for a monopole source located inside
field for the cavity mode along the cross section shown with dotted

line in (a). (a)
B. Monopole inside a cavity g e —
. . . 0.081 === Pholon Lifetime|

In the previous sections, we have emphasized the depen- g -
dence of LDOS and enhancement factors on the intensity of c :l g
the modes at the source locations and on the group velocities § :E 3
of the modes. In this sense, single cavity structures are prom- E0.044 i 1 1°§
ising structures for the control of emission from radiation g 3
sources, as the intensity of the cavity mode is localized and = ! E)
the group velocity for the cavity mode is reduced. Single i =
cavity structures have been investigated by several 0.0044 § iifd g
authors>*~38A variety of applications utilizing cavity struc- 108 MY quency GHAL . 2°
tures have been proposed, such as single-mode light-emitting
diodes® resonant antennd$,optical filtersi® and resonant (b)
cavity enhanced detectot. :::::::::::::::::::::

We have removed the center rod from’a®square array 0000000000000 00000000
of alumina rods to create the single cavity structure. The _>: NP :*
measured transmission and the delay data for the single cav- $000000000090000000 00
ity structure are shown in Fig.(&. The transmission data ) B S bbbt S
indicates that the defect mode is around 11.6 GHz with a e90gesscccngsssccnnes

peak transmission of 0.025. The photon lifetime measure- A B C
ment shows an increase in the photon lifetime by a factor of

48. This also means that at the defect mode the group veloc- FIG. 8. (a) Solid curve represents transmission and dashed curve
ity is 48 times smaller when compared to the electromagnetigepresents photon lifetime for the coupled cavity structuts.
waves propagating in free space. In addition to the reduce8chematics of coupled cavity structure.
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g FIG. 10. (a) Contour plot of electric-field intensity for the ninth
w * CC mode. Electric-field intensity was calculated by the plane-wave
S 10F 9 expansion method using a 3% supercell(b) Electric-field inten-
g 1% T sity for the ninth CC mode along the cross section shown with
2 t dotted line in Fig. 1(a). The cross section is along the direction of
.g 5r propagation and crosses the perpendicular direction at the center of
] the cavities.(c) Contour plot of the electric-field intensity for the
. . first CC mode.(d) Electric-field intensity for the first cavity along
10.8 11.4 12.0 the cross section shown with a dotted line in Fig(clOThe cross
Frequency (GHz) section is along the direction of propagation and crosses the perpen-

dicular direction at the center of the cavities.
FIG. 9. Enhancement factor for a source located at the center of

(a) cavity A, (b) cavity B, and(c) cavity C. C. Monopole inside coupled cavity structure

the cavity. Figure @) shows the measured enhancement fac- Coupled cavity(CC) structures have been investigated by
tor along thel'— X direction for various source locations many authors for their wave guiding propertfés?’ These
inside the cavity. Enhancement factor measurements for thgiructures provide a different mechanism for electromagnetic
cavity structure show that as we move the source towards th@ave propagation. In CC structures, the mechanism for elec-
center of the cavity, the cavity frequency shifts to highertromagnetic wave propagation is the hopping of photons due
frequencies. This is due to the modification of the cavity byto the interaction between the neighboring evanescent cavity
the finite size of the radiation source. We also observe that asodes> For CC structures, reduced group velocities for the
we move the source towards the center, the enhanceme@C modes have been reporl?é‘dklso the electric field inten-
factor for the corresponding cavity mode increases. Maxisity of CC modes are localized in the coupled cavities.
mum enhancement factor is obtained when the source is lo- The CC structure that we have used for our experiments is
cated at the center of the cavity. This can be explained by thereated by introducing ten single cavities to the 11th column
LDOS picture. Since the intensity of the cavity mode in-of a 21X21 square array of alumina rods. A single cavity is
creases towards the center of the cavity, LDOS is expected tobtained by removing one rod from the perfect crystal. Each
increase as we move the radiation source towards the centeavity is separated from the neighboring cavity by one rod.
of the cavity. Figure 8b) shows the details of the CC structure. The trans-

_ . mission and photon lifetime data presented in Fi¢a) 8
o o e e o . " ""Shows tht thee ae en cauty modes, which are equa 0 the

) number of cavities. At the CC modes, transmission is high

compared to the transmission through the photonic crystal

ity A ity B it X s o ;
Cavity Cavity Cavity C without the coupled cavities. Transmissions as high as 10%
First mode 0.24 0.80 3.72 have been observed at the CC modes. We also observe that
Ninth mode 16.30 18.80 5.55 the photon lifetime is increased at the CC modes. The in-

crease in the photon lifetime indicates that the group veloci-
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ties of the CC modes are reduced when compared to the ENdavity A or cavity B. On the other hand, intensity of the
waves propagating in free space. For the first two CC modeslectric field for the first CC mode shown in Figs.(@¢0and
(CC modes are numbered in order of increasing frequency(d) is high at the center of cavity C. Hence when we place
we observed relatively low transmission compared to othethe source at cavity C, we expect the first mode to have a
CC modes. This low transmission indicates that coupling tchigher enhancement factor compared to the enhancement
these modes is poor. factors obtained for this mode when the source is placed at
Due to the strong interaction between the cavities, CQGeither cavity A or cavity B.
structures drastically modify the spontaneous emission of ra-
diation. We measured the enhancement factor when the
monopole source is located at the center of the first cavity
(cavity A), the second cavitycavity B), and the sixth cavity In summary, we studied the emission of radiation from a
(cavity ©). The measured enhancement factors when thenonopole source located inside a photonic crystal and inside
source is placed at the center of cavity A, cavity B, andvarious defect structures created in a photonic crystal. We
cavity C are shown in Figs.(8—(c), respectively. The en- showed the enhancement of radiation along with reduced
hancement factors for the first and ninth CC modes are givegroup velocities at the band edges. Moreover, we experimen-
in Table I. We observe that when the source is placed eithemlly demonstrated the enhancement of radiation at a single
at cavity A or cavity B, ninth CC mode has the highest en-cavity mode and at the CC modes. At the single cavity and
hancement factors, while the first CC mode has the lowesEC modes, low group velocities along with high electric-
enhancement factor compared to the other CC modes. Ateld intensities result in increased enhancement factors. The
cavity A and cavity B, enhancement factors of 16.3 and 18.&nhancement factor for a source depends on the group veloc-
have been observed respectiveljable ). On the other ity of the mode and on the intensity of the electric field at the
hand, Fig. 9) and Table | show that when we place the source location.
source at cavity C, the enhancement factor for the first CC
mode is higher for cavity C, when compared to cavities A
and B. This can be explained by the fact that the enhance-
ment factor depends on the intensity of electric field at the This work was supported by a grant from European Union
source location. Since the intensity of the electric field forunder EU-DALHM project and by a grant from NATO
the ninth CC mode shown in Figs. @ and(b) is high atthe  (Grant No. SfP971970 Also, the authors would like to
centers of cavity A and cavity B, we expect higher enhancethank Professor Ezel K. Shaw for her comments during the
ment factors for this CC mode when the source is placed gireparation of the manuscript.
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