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ABSTRACT

In this work, we have experimentally and theoretically studied the emission of radiation from a monopole source
embedded in a two and three dimensional photonic crystal. We have demonstrated the enhancement of radiation
at the band edges and at the cavity modes including coupled cavity modes. 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. Moreover, we have studied the angular distribution of power emitted from
a radiation source embedded inside a photonic crystal. Our results show that it is possible to obtain highly
directive radiation sources operating at the band edge of the photonic crystal.
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1. INTRODUCTION
Photonic crystals (PCs) are structures with periodic dielectric constant variations, in which electromagnetic (EM)
wave propagation is forbidden in all directions for a certain range of frequencies.1, 2 These electromagnetic
band gaps can be used for a wide range of applications,3 such as microscopic lasers,4 resonant antennas5
and optical switches.6 Among these applications, there is a great deal of growing interest to use PCs to
control the spontaneous emission in photonic devices leading to more eﬃcient light emitters such as thresholdless
semiconductor lasers,7, 8 single-mode light-emitting diodes9, 10 and eﬃcient antennas.11
The reported experimental and theoretical studies on photonic crystal based antenna applications mostly
used total reﬂection property of these structures. The antennas mounted on photonic crystal substrate surfaces
exhibited high eﬃciency and directivity compared to conventional antennas on dielectric substrates.12, 13 In all
of these works, the radiation sources were placed outside of the sources. But, PCs can also be used to improve
the directivity of the sources, by embedding these sources inside the PCs .14 In this sense, PCs can be used in
the solution of two main problems of the control of emission: enhancement of radiation and conﬁnement of the
emitted power to a narrow angular region.14, 15

2. RESULTS
This letter will be organized as follows: we will ﬁrst give the enhancement and angular distribution results for
two dimensional crystal and then we will present our experimental and theoretical results for three dimensional
crystal.

2.1. Enhancement of Radiation and Reduced Group Velocities
In our experiments, we have studied the emission of microwave radiation from a monopole source located inside
a PC and a monopole source located inside various defect structures created inside a PC. The monopole source is
obtained by removing 0.5 cm of the cladding from a coaxial cable and leaving the metal part. The monopole source
is then excited by the network analyzer. An HP-8510C vector network analyzer is used in our measurements.
HP-8510C network analyzer is capable of measuring both intensity and phase. The phase information obtained
from the measurement is used to determine the delay time or the photon lifetime. The photon lifetime is deﬁned
as τp = ∂ϕ/∂ω. Here, ϕ is the net phase diﬀerence between the phase of the EM waves propagating inside the
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Figure 1. Band structure of the corresponding inﬁnite photonic crystal. The ﬁrst four TM polarized bands have been
calculated by plane wave expansion.

photonic crystal and the phase of the EM waves propagating in free space for a total crystal length of L. Photon
lifetime corresponds to the propagation time of the EM waves inside the photonic crystal.16 Hence, group
velocity is inversely proportional to the photon lifetime. The photon lifetime and its physical interpretations
have been rigorously studied by Ohtaka et al..17–20 It has been shown that the optical density of modes is
directly proportional to the photon lifetime.20
For a ﬁnite PC, the group velocities of the modes at the band edges are expected to be small21–23 and
correspondingly, the photon lifetimes are expected to be high. Hence, it follows that LDOS is high at the band
edge modes as LDOS is inversely proportional to the group velocity.
The 2D PC used in the experiments is a 25 × 25 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 is a = 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 corresponding inﬁnite photonic crystal for the ﬁrst four TM polarized (Electric
ﬁeld is parallel to the axis of the rods) bands. According to the band structure calculations the lower band edge
of the ﬁrst band gap along Γ − X is at 8.70 GHz and, the upper band edge of the ﬁrst band gap along Γ − X is
at 13.20 GHz.
We have measured the transmission properties and the photon lifetime of the PC along Γ − X direction. The
transmission measurement (Fig. 2(a)) indicates that the lower edge of the ﬁrst band gap along Γ − 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 egde are
shown in Fig. 2(b) and Fig. 2(c), respectively. As shown in both ﬁgures, the delay time signiﬁcantly increases
near the band edges. The photon lifetime near the lower edge is 12.9 nsec, which is 14× larger than the time
required for the EM waves to propagate along the structure (0.92 nsec). So, the PC reduces the group velocity
of light at this frequency by a factor of 14. For the upper edge, the lifetime is 19.2 nsec, which corresponds to a
22 times reduction for the speed of light.
The enhancement factor for the EM waves emitted from a monopole source along Γ − X direction is measured
for various source locations inside the center cell of the photonic crystal. The enhancement factor is deﬁned as
the ratio of the intensity of the EM waves emitted from a source located inside the photonic crystal to the
intensity of the EM waves emitted from a source in free space. Figures 3(a) and 3(b) show the enhancement
factors measured at various source locations inside the center unit cell for frequencies near the lower edge and
the upper edge, respectively. The source locations are shown in Fig. 3(c). Although enhancement of radiation
is expected for the band edge modes, the enhancement factor is not the same at all of the source locations. The
enhancement factors presented in Fig. 3(a) and Fig. 3(b) show that the enhancement factor decreases for the
lower band edge and increases for the upper band edge as we move the source away from the center rod. This
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Figure 2. a) Transmission along Γ − X between 8 GHz and 14 GHz. b) Solid curve represents transmission and dashed
curve represents photon lifetime for the lower band edge along Γ − X direction. c) Solid curve represents transmission
and dashed curve represents photon lifetime for the upper band edge along Γ − X direction.
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can be explained by the fact that the emission of radiation depends on the intensity of the modes at the source
location. The modes of the lower band edge are dielectric modes, while the modes of the upper band edge are air
modes. Hence, as we move the source away from the center rod, LDOS and correspondingly, 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 factors. First, for the lower band edge the electric ﬁeld intensity
of the mode is high inside the high dielectric material. Since the high dielectric region of the photonic crystal is
not experimentally accessible, the possible highest enhancement factor can not be measured for the lower band
edge. Second, the higher bands are ﬂatter than the lower bands. This results in lower group velocities for the
upper band edge for a ﬁnite photonic crystal.24 Hence, we expect LDOS and enhancement factor to be higher
for the upper band edge when compared to the lower band edge.

2.2. Monopole Inside a Cavity
In the previous sections, we have emphasized the dependence of LDOS and enhancement factors on the intensity
of the modes at the source locations and on the group velocities of the modes. In this sense, single cavity
structures are promising structures for the control of emission from radiation sources, as the intensity of the
cavity mode is localized and the group velocity for the cavity mode is reduced. Single cavity structures have been
investigated by several authors.25–29 A variety of applications utilizing cavity structures have been proposed,
such as single-mode light-emitting diodes,30 resonant antennas,31 optical ﬁlters32 and resonant cavity enhanced
detectors.33
We have removed the center rod from a 9 × 9 square array of alumina rods to create the single cavity
structure. The measured transmission and the delay data for the single cavity structure are shown in Fig. 4(a).
The transmission data indicates that the defect mode is around 11.6 GHz with a peak transmission of 0.025.
The photon lifetime measurement shows an increase in the photon lifetime by a factor of 48. This also means
that at the defect mode the group velocity is 48 times smaller when compared to the electromagnetic waves
propagating in free space. In addition to the reduced group velocity, the computed mode proﬁle in Fig. 4(b)
shows that the intensity of the cavity mode is localized inside the cavity. Hence, at the cavity mode we expect
to observe high enhancement factors for a monopole source located inside the cavity. Figure 5(a) shows the
measured enhancement factor along Γ − X direction for various source locations inside the cavity. Enhancement
factor measurements for the cavity structure show that as we move the source towards the center of the cavity,
the cavity frequency shifts to higher frequencies. This is due to the modiﬁcation of the cavity by the ﬁnite size of
the radiation source. We also observe that as we move the source towards the center, the enhancement factor for
the corresponding cavity mode increases. Maximum enhancement factor is obtained when the source is located
at the center of the cavity. This can be explained by the LDOS picture. Since the intensity of the cavity mode
increases towards the center of the cavity, LDOS is expected to increase as we move the radiation source towards
the center of the cavity.

2.3. Angular Distribution of Power Emitted from a Monopole Source
The modes at the band edges of a PC are propagating modes and these modes are concentrated in low or high
dielectric material region. Hence, the surface of the PC can be regarded as a system of radiation sources all
operating at the band edge frequency, having similar spatial and temporal distribution of power with a uniform
phase diﬀerence between the radiators.15 This system of radiators is similar to an array of antennas. Since all
the radiators of the system radiate in Γ − S direction, we expect the emitted power from a source embedded
inside the PC to be conﬁned to a narrow angular region.
We carried out the measurements and the calculations for various frequencies. 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. 6. The minimum half power beam width is obtained at 13.21 GHz and it is found to be 8◦ . Figure 6 shows
that the angular distribution of power strongly depends on the radiation frequency. The radiation patterns are
wider for frequencies higher than the upper band edge frequency. This can be explained by the presence of equal
frequency modes along diﬀerent directions at frequencies higher than the upper band edge frequency.
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Figure 3. a) Enhancement factor near the lower band edge along Γ − X for a source located at A: 0.1 × a, B: 0.3 × a,C:
0.5 × a away from the center rod. D: represents the measured photon lifetime b) Enhancement factor near the upper band
edge along Γ − X for a source located at A: 0.1 × a, B: 0.3 × a,C: 0.5 × a away from the center rod. D: represents the
measured photon lifetime c) A, B, and C show the source locations that are used in Figures 3(a) and 3(b).
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Figure 4. a) Solid curve represents transmission and dashed curve represents photon lifetime for the cavity mode. b)
Contour plot of electric ﬁeld intensity for the cavity mode. Electric ﬁeld intensity has been calculated by plane wave
expansion method. A 5 × 5 supercell has been used in the calculation. c) Intensity of the electric ﬁeld for the cavity mode
along the cross section shown with dotted line in Fig. 4(a)
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Figure 5. a) Enhancement factor for a source located inside a cavity A: 0.2 × a, B: 0.4 × a, C: 0.6 × a, D: 0.8 × a, E:
1 × a away from the rod. b) A, B, C, D, and E show the source locations that are used in Fig. 7(a)
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Figure 6. Measured far ﬁeld radiation patterns for various frequencies near the upper band edge. The crystal size is
32 × 16.
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Figure 7. a) Transmission along the stacking direction between 10 GHz and 17 GHz b) Solid curve represents transmission
and dashed curve represents photon lifetime for the lower band edge along the stacking direction.
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Figure 8. Enhancement factor around the lower band edge along the stacking direction.

2.4. Radiation from sources embedded inside three-dimensional photonic crystals
The PC that we used in our experiments is a 3D layer-by-layer structure,34, 35 which consists of square shaped
alumina bars of alumina rods. The stacking sequence repeats every four layers, which has the equivalent geometry
of a face centered tetragonal (fct) lattice, corresponding to a single unit cell in the stacking direction. The PC
has 11 unit cells in the stacking direction. The dimensions of the alumina rods are 0.32 × 0.32 × 15.25 cm and
dielectric constant of the rods is 9.61. The periodicity along the stacking direction is 1.28 cm. The parallel rods
have a center to center separation of 1.12 cm, with a dielectric ﬁlling ratio of ∼ 0.29.
We have measured the transmission properties and the photon lifetime of the PC along the stacking direction.
The transmission measurement (Fig. 7(a)) shows that the lower band edge (maximum of the ﬁrst band) along
stacking direction is around 10.3 GHz and the upper edge is around 15 GHz. The measured photon lifetimes
around the lower band edge are presented in Fig. 7(b). The photon lifetime near the lower edge is 14.2 nsec.
The time required for the EM waves to propagate along the structure which is 0.47 nsec. So, the PC reduces the
group velocity of light at this frequency by a factor of 30.
The enhancement factor for the EM waves emitted from a monopole source along the stacking direction is
measured. The monopole source is located at the center of the PC. Figure 8 shows the enhancement factor for
frequencies near the lower edge. A maximum enhancement factor of 13.7 is obtained at 10.3 GHz, which also
corresponds to the lower band edge frequency.
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Figure 9. a) Calculated and measured transmission of the cavity mode b) Solid curve represents transmission and dashed
curve represents photon lifetime for the cavity mode.
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Figure 10. Enhancement factor for a monopole source located inside a cavity.
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Figure 11. The measured and calculated radiation patterns of the monopole antenna inside the 3D photonic crystal for
a)E and b)H planes.
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Single cavity structures are very important features for the control of emission from radiation sources. Resonant cavity enhanced detectors36 and waveguide applications37 were demonstrated using localized modes of the
cavities built in photonic crystals. In order to obtain a single cavity localized in the photonic crystal, we have
removed the center rod of a 20-layer 3D PC. The measured transmission and photon lifetime for the single cavity
structure are shown in Fig. 9. The defect mode is at 12.04 GHz with a Q-factor (quality factor, deﬁned as the
center frequency divided by the full width at half maximum) of 1430. The photon lifetime at the defect mode
frequency is 47 nsec. This also means that at the defect mode the group velocity is reduced by a factor of 220
when compared to the electromagnetic waves propagating in free space. The measured enhancement factor for
the EM waves emitted from a monopole source embedded inside the cavity is shown in Fig 10. The enhancement
factor is around 20 at 12.07 GHz. Compared to the enhancement factor that we obtained in 2D system, our 3D
cavity exhibits 4 times larger enhancement factor. Our results show that 3D PCs can be used to enhance the
emitted power from a monopole source.
The modes at the band edges of a PC are propagating modes and these modes are concentrated in low or
high dielectric material region. Hence, the surface of the PC can be regarded as a system of radiation sources all
operating at the band edge frequency, having similar spatial and temporal distribution of power with a uniform
phase diﬀerence between the radiators.15 This system of radiators is similar to an array of antennas. Since all
the radiators of the system radiate in Γ − S direction, we expect the emitted power from a source embedded
inside the PC to be conﬁned to a narrow angular region. Due to the 3D band gap, the angular conﬁnement is
also in 3 dimensions.
We have measured the angular distribution of power at the lower band edge frequency for E and H planes.
For antennas with one narrow major lobe and very negligible minor lobes in the radiation pattern, the maximum
directivity is given as38
D0 ∼
=

4π
Θ1 Θ2

(1)

where Θ1 is half power beam width of one plane (E-plane) and Θ2 is the perpendicular plane to the ﬁrst (Hplane), in radians. The measured half power beam widths along the E- plane and H-plane are presented in
Fig. 11. We have measured half power beam widths of 13o for both E and H planes. The directivity of the
radiation source embedded inside 3D PC is calculated as 245.

3. CONCLUSION
In summary, we studied the emission of radiation from a monopole source located inside a photonic crystal and
defect structure created in a photonic crystal. We showed the enhancement of radiation along with reduced
group velocities at the band edges. Enhancement factor for a source depends on the group velocity of the mode
and on the intensity of the electric ﬁeld at the source location. We have also demonstrated that by using PCs
it is possible to conﬁne the emitted power to a narrow angular region for a source embedded inside a PC and
radiating at the band edge frequency. Moreover, we have demonstrated that for a source embedded inside a 3D
PC, it is possible to conﬁne the emitted power to a narrow angular region in two planes for frequencies at the
band edge frequency. We have measured half power beam widths of 13o for both E and H planes, corresponding
to maximum directivity of 245. The ﬁndings of our work can be used to improve the performance of certain
devices such as antennas and LED’s.
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and U. Oesterle, Appl. Phys. Lett. 78, 1487 (2001).
28. T. Ochiai and J. Sánchez-Dehesa, Phys. Rev. B 65, 245111 (2002).
29. S. Lan, S. Nishikawa, Y. Sugimoto, N. Ikeda, K. Asakawa, and H. Ishikawa, Phys. Rev. B 65, 165208 (2002).
30. I. Schnitzer, E. Yablonovitch, A. Scherer, and T. J. Gmitter, Photonic Band Gap and Localization, C. M.
Soukoulis, Ed., 1993, vol. 308, NATO ASI SERIES B., pp.369-378.
31. B. Temelkuran, M. Bayindir, E. Ozbay, R. Biswas, M. M. Sigalas, G. Tuttle, and K. M. Ho, J. Appl. Phys.
87, 603 (2000).
32. J. D. Joannopoulos, Photonic Band Gap Materials, C. M. Soukoulis, Ed., 1996, vol. 315, NATO ASI SERIES
E., pp.1-21.
33. B. Temelkuran, E. Ozbay, J. P. Kavanaugh, G. Tuttle, and K. M. Ho, Appl. Phys. Lett. 72, 2376 (1998).
34. E. Ozbay, J. Opt. Soc. Am. B 13, 1945 (1996)
35. K. M. Ho, C. T. Chan, C. M. Soukoulis, R. Biswas, and M. Sigalas, Solid State Commun. 89, 413 (1994).
36. B. Temelkuran, E. Ozbay, J. P. Kavanaugh, G. Tuttle, and K. M. Ho, Appl. Phys. Lett. 72, 2376 (1998).
37. M. M. Sigalas, R. Biswas, K. M. Ho, C. M. Soukoulis, D. Turner, B. Vasiliu, S. C. Kothari, and S. Lin,
Micro. Opt. Tech. Lett., 23, 56 (1999).
38. C. A. Balanis,Antenna Theory: Analysis and Design (Wiley, New York, 1997), p. 45.
Proc. of SPIE Vol. 5733

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/28/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

141

