Reflection properties and defect formation in photonic crystals
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We have investigated the surface reflection properties of a layer-by-layer photonic crystal. By using
a Fabry—Perot resonant cavity analogy along with the reflection-phase information of the photonic
crystal, we predicted defect frequencies of planar defect structures. Our predictions were in good
agreement with the measured defect frequencies. Our simple model can also predict and explain
double defect formation within the photonic band gap.1€96 American Institute of Physics.
[S0003-695(196)03532-2

In analogy to electrons in an atomic crystal, the propa+to calibrate our measurements, where we assumed that the
gation of electromagnetitEM) waves in periodic dielectric metal sheet is a 100% reflector at these frequencies. By
structures can be forbidden in a certain range of frequencieshanging the incidence angle we could obtain the reflec-
These three-dimensional structures that are called photoni@n and transmission properties of the photonic crystals at
band gapPBG) or photonic crystals, have recently received different propagation directions.
both theoretical and experimental attention and motivated the By using the aforementioned experimental setup, we first
scientists to explore new possibiliti&s! The initial interest  investigated the transmission properties of our photonic crys-
in this area came from the proposal to use PBG crystals ttal. The band gap edge values obtained from our transmis-
control spontaneous emission in photonic devices, leading teion measurements along different crystal directions, were
more efficient light emitters like thresholdless semiconductownery close to the theoretical calculations which predicted a
lasers and single-mode light-emitting diod&$. However,  full band gap from 10.6 to 12.7 GHz. We then focused our
the technological challenge associated with the fabrication oéfforts to the reflection measurements. Although, it was rela-
smaller scale structures have restricted the experimentéively easy to obtain the magnitude of the reflected waves on
demonstration of the basic photonic band gap crystals to mia reproducible basis, we faced a significant challenge to ob-
crowave frequencie€l2—15 GH2.2 tain reproducible phase measurements where we used a

Recently, we designed a three-dimensional layer-bymetal sheet for calibration purposes. The flatness of the top
layer structure which alleviates some of the fabrication dif-surface of the photonic crystal and the positioning of the
ficulties inherent with the earlier desigh®y using either ~ photonic crystal with respect to the calibration metal plate
alumina or silicon as the dielectric material, we have builtwere very critical for a reliable measurement. In our setup,
and tested crystals with photonic band gap frequencies ran@ur typical calibration error for the phase measurements was
ing from 15 to 500 GHZ%"*2The frequency range of these measured to be arountl5°. Figure Za) shows the reflection
photonic crystals are suitable for a number of millimeter andand transmission characteristics of a 16 layer crystal along
sub-millimeter wave applications, including efficient reflec- the stacking direction with an incidence angle:5°. The
tors, millimeter wave antennas, filters, sources, andnagnitude of the reflected and the transmitted waves were
waveguides>~'*Most of these applications are based on twofound to be independent of the polarization veataf the
important properties of photonic crystals. First, the photonidncident EM wave. However, we found a strong polarization
crystals act like ideal reflectors at PBG frequencies. Secondlependence for the phase of the reflected waves. Figbye 2
it is possible to obtain defect or cavity modes by locally shows the phase of the reflected waves as a function of
disturbing the periodicity of the photonic crystdr*8in this ~ frequency for both polarizations where the polarization vec-
letter, we investigate the reflection properties of layer-by-tor e of the incident EM wave is either perpendicular
layer photonic crystals and use this information to develop a
simple model which explains the defect formation in photo-
nic crystals. Network

_ In order to investigate the reflection properties of photo- Analyzer
nic crystals, we constructed a new layer-by-layer crystal
where we used square-shaped alumina (@d32 cnx0.32 Transmitter
cmx15.25 cm. In the new crystal, we chose a center-to- Antenna
center separation of 1.12 cm, corresponding to a dielectric %
filling rate of ~0.29. Figure 1 shows the schematics of the 9 Photoric Band
measurement set up we used in our experiments. An HP ,Y) Gap Crystal
8510C network analyzer and three microwave horn antennas Receiver
were used to measure both the transmitted and reflected
waves. For reflection measurements, we used a metal sheet
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FIG. 1. Experimental setup for measuring the reflection and transmission
3E|ectronic mail: ozbay@fen.bilkent.edu.tr properties of the photonic crystals.
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TABLE |. Experimental measured defect frequencies, and the calculated
total phase contributions from the two photonic crystal mirrors are given for
different separation widths. The second defect moale=Q) appears for
separation widths larger or equal to 10 mm.

Separation  Frequency N Frequency N
width L (GH2 (degrees (GHz (degrees
(mm) m=1 m=1 m=2 (m=2)
3 13.97 260
L ‘ o 4 135 230
-55 e 5 13.13 202
9 10 11 12 13 14 15 16 17 18 6 12.54 170
Frequency (GHz) 7 12.15 156
(a) 8 11.78 134
9 11.45 113
540 10 11.16 92 15.34 352
11 10.86 73 15.01 324
450 12 10.66 53 14.66 298
360 4 13 10.45 34 14.31 274
14 13.98 13.98 250

—— e parallel to rods

Phase(degrees)

90 i f
o Ml @ perpendiculartorocs bi=d1t gp=2mm—4ml = (M=01x2:3),
10 11 12 13 14 15 16 (2
Frequency (GHz)
(b) wheref is the defect frequency for a separation of length

L, andc is the speed of light in air. Table I lists the measured
FIG. 2. (a) Reflection(thick solid line and transmissiorithin solid line ~ defect frequencies, the corresponding valuenpfand the
characteristics of the photonic crystéh) The phase of the reflected waves calculated¢, as a function of separation length We then
from the surface of the photonic crystal for different polarizations. measured the reflection properties of the two 8-layer mirrors,
and found the experiment total phase of the two mirrors
or parallel to the rods of the top layer of the photonic crystal.¢; ¢, as a function of frequency. Figure 3 compares the pre-
We used this phase information to understand and predicted, ¢(f, ) and the measured, .,{f) total phase of the
dict defect formation in photonic crystals. By separating atwo mirrors. As can be seen from the plot, the predicted
16-layer photonic crystal from the middle with a separationphase values are in very good agreement with the measured
width of L, we built planar defect structures and modeledphase values.
them as Fabry—Perot resonators. We considered each 8-layer With this model, the defect frequendpr frequencies
stack as the mirrors of the Fabry—Perot resonator with refledor a given separation width, can be predicted by solving,
tion coefficientsr,e /%1 andr,e 12, where¢, and ¢, are
the reflection-phase factors in radians. In a Fabry—Perot reso- _c _
nator, the circulating electric fiel&E, can be wri):ten as a fL_2L[2mTr Prexd fL)] &)

function of the incident electric fiel&; as-® . o
by a graphical or an iteration method. As an example, for

L=9.5 mm our model predicted a frequency of 11.41 GHz
E.— _t2 E. (1) for m=1, while the experimental defect frequency was
¢ 1-ryre /AT T 11.36 GHz.

where B is the propagation constant of air, amgd is the
transmission coefficient of the second mirror. The resonant 450 T
condition is satisfied when @+ ¢+ ¢1=2m7m (Mm=0,

+1, 2, =3), where enhancement of the circulating fields g 360 I

results in almost unity transmission at the resonant fre- 5 2701

guency. For photonic crystals, this resonance can be viewed 3 180 1

as defect formation, where a narrow transmission window °

within the band gap region is observed. We used this reso- 2 90 -

nant condition to estimate the defect frequencies for our pla- f o A “ -

nar defect structures.

We first measured the transmission properties and the
defect frequency as a function of separation widthJsing
the resonance condition, along with the measured defect fr%IG. 3. Comparison of the experimental reflection-phase propeiis&

quendes, we Calcmate(_j the predicted total phase contribyne) of the photonic crystal mirrors of the Fabry—Perot resonator, with the
tion, ¢, from the two mirrors as predicted reflection-phase properties o= 1 (squarel andm=2 (circles.
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