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We have experimentally demonstrated the guiding, bending, and splitting of electromdgMiwaves in
highly confined waveguides built around three-dimensional layer-by-layer photonic crystals by removing a
single rod. Full transmission of the EM waves was observed for straight and bended waveguides. We also
investigated the power splitter structures in which the input EM power could be efficiently divided into the
output waveguide ports. The experimental results, dispersion relation and photon lifetime, were analyzed with
a theory based on the tight-binding photon picture. Our results provide an important tool for designing
photonic crystal based optoelectronic components.
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Photonic crystals, in which the propagation of electro-(0.32 cm X 0.32 cm X 15.25 cm), with center-to-center
magnetic waves is forbidden for a certain frequencyseparation of 1.12 cm. The crystal exhibits a three-
range’ 3 provide a promising tool to control the flow of light dimensional photonic band gap with a mid-gap frequency
in integrated optical devicés’ Therefore, there is a great around 12 GHZ! Figure 1 shows the schematics of the mea-
deal of interest in developing photonic crystal-basedsurement setup that was used in our experiments. We used an
waveguides where one can confine and efficiently guide thélP 8510C network analyzer and microwave horn antennas
light around sharp cornefs!’ Guiding the light without to measure the transmission-amplitude and the transmission-
losses, and even through sharp corners using twophase properties of a straight wavegu[@iég. 2(@)], a 90-
dimensional(2D) photonic crystals was proposed theoreti- degree bended waveguidEig. 2(b)], and a power splitter
cally by Mekis et al® Later, researchers have reported ex-structure[Fig. 2(c)]. We constructed the straight waveguide
perimental observation of waveguiding in 2D photonic by removing a single rod from a single layera6 unit cell
crystals first at microwavé, and then at optical (24 laye) photonic crystal, so that we had 12 layers at the
frequencies?*° However, to avoid the leakage problem in top and 11 layers at the bottom of the removed rod. The
2D structures, either one has to extend the size of the photgolarization vectoe of the incident EM wave was kept par-
nic crystal in the vertical direction, or use a strong index-allel to the stacking direction of the layers. We did not ob-

guiding mechanism in the vertical directioht’ serve any guided modes for the other polarization in any of
A way to eliminate the leakage is to use a three-our experiments.
dimensional(3D) photonic crystal. Recently, full confine- First, we tested the guiding of EM waves by measuring

ment of the EM waves utilizing a 3D layer-by-layer photonic the transmission through a single missing rod. We observed
crystal structure has been theoretically studfettAlthough  full transmission of the EM waves for certain frequencies
Noda et al. reported the fabrication of a 3D sharp bend within the photonic stop bandrig. 3@]. The full transmis-
waveguide at optical wavelengths, they have not reportegion within the waveguiding band was a proof of how well
any optical measurements on this sharp-bend strutfure.  the wave was confined and guided without losses. The guid-
In this paper, we demonstrated that the guiding, bendingng band started from 11.37 GHz and ended at 12.75 GHz. In
and splitting of EM waves could be achieved in highly con-Fig. 3@, we also plotted the transmission spectdatted
fined waveguides which were constructed by removing dine) of the perfect crystal for comparison. The guiding was
single rod from a perfect 3D layer-by-layer photonic crystal.limited with the photonic band gap of the crystal, for which
The experimental results were in good agreement with dhe crystal had the property of reflecting the EM waves in all
theory based on tight-bindingB) approximatior’*®%and  directions.
the simulation results of Chutinan and Noda. In order to understand the underlying physics behind this
In our experiments, we used a layer-by-layer dielectricsingle rod removed waveguide, we need to closely look at
photonic cryst#®’ based on square-shaped alumina rodsstructure of the waveguide. Each vacancy just below the re-
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FIG. 3. (a) Transmission amplitude measured from a single rod
FIG. 1. Experimental setup for measuring the transmissiontemoved waveguide structufsolid line). Nearly full transmission
amplitude and transmission-phase spectra of the strésght) and was achieved for certain frequencies. Transmission through a per-
bended (dotted waveguides, and the power splitter structure fect crystal was plotted for comparisddotted ling. (b) The dis-
(dashed persion relation obtained from the transmission-phase measure-
ments and the tight-binding approximatidic) The measured and
calculated delay time as a function of frequency. Photon lifetime
(7p) increases drastically at the waveguiding band edges.

moved rod behaves as a boxlike cavity. The coupling be-
tween these localized cavity modes allow propagation of
photons by hopping through the vacancy of the missing rod.
Based on this observation, we can obtain the dispersion re-
lation by measuring the transmission-phase characteristics
and by using the TB approximation. Within the TB schetne,
the dispersion relation is given byw(k)=Q[1

+ k coskA)]. Here 0=12.07 GHz is the single defect fre-
quency, A=1.12cm is the intercavity distancé, is the
wavevector, andc=—0.057 is a TB parameter which was
derived from the experimental datdx(=Aw/2Q). As
shown in Fig. 8b), the measured dispersion relation is in
good agreement with the TB prediction. We also measured
and calculated the photon lifetime, i.e., delay time, of the
single rod removed waveguide. Within the TB scheme, the
photon lifetime can be written asry(w)=A/vy(w)

FIG. 2. (a) Schematic drawing of the straight waveguide was +2mA/c.? Here vy=V,w(K) is group velocity of the
created by removing a single rod from one layei. The 90-degree  9uided mode. Experimental and theoretical results show that
bended waveguide was obtained by removing two rods partialfhe photon lifetime increases drastically,—, at the
from two adjacent layergc) The power splitter structure was cre- Waveguiding band edgég&ig. 3(c)].
ated by removing one rod partially from one layer and the whole We tested the bending of light through sharp corners in a
rod from the adjacent upper layer. waveguide structure shown in Fig(t2. This structure was
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FIG. 4. Measured transmission characteristics of the 90-degredlustrated in Fig. 2c). The electromagnetic power in the input port
bended waveguide. A 100% transmission was obtained for certaifiPlits into the two output ports throughout the guiding band.
frequencies throughout the guiding band.

) ] whole rod from the 1% layer with a crossed configuration
constructed by removing part of a smgle rod from thé11 [Fig. 2(c)]. Figure 5 shows transmission characteristics of
layer, and part of another rod from the Leadjacentlayer.  this structure was measured. The EM wave inside the input
The resulting vacancies of the_mlssmg |_oar_ts of rods form Jvaveguide channel was efficiently coupled to the output
90-degree sharp bend waveguide. The incident wave propgnannels. Although we have achieved high transmission
gates along the first waveguideissing portion of the rod  (__5094) for certain frequencies, the detected powers at each

h
on the _11 layen, and successfully couples to the secondq iyt port were mostly unequal throughout the waveguiding
waveguide on the I2layer, which is perpendicular to the band.

propagation direction of the incident EM wave. As shown in |5 conclusion, we have experimentally demonstrated that
Fig. 4, we observed a waveguiding batektending from 5 fylly confined waveguide could be constructed by remov-
11.55 to 12.87 GHg for which the frequency range of the jhg 4 single rod in a layer-by-layer photonic crystal. Full
band was similar to the straight waveguide. The high transgansmission of the EM waves was obtained through a
mission amplitudes reaching unity around certain freql{en'straight waveguide and a waveguide with a sharp bend.
cies showed that the EM waves were coupled and guideforeover, we have observed that the EM wave inside the
through the waveguide that contained a sharp bend. Thig,yt waveguide can be splitted into the output waveguide
observation is consistent with the TB picture, since the EMports. Since the Maxwell's equations have no fundamental
waves can propagate through coupled cavities without lossggngth scale, we expect that our microwave results can be
irespective of change in the propagation direction. extended to the optical frequencies. These results encourage
At this point, we would like to compare our bended wave-ihe ysage of the layer-by-layer photonic crystals in the de-

guide results with the simulations previously reported forsign of future ultrasmall optoelectronic integrated circuits.
this structure by Chutinan and No#faBased on their simu-

lation, the waveguiding band for sharp bend structure covers This work was supported by NATO Grant No.
67% of stop band of the photonic crystal which is very closeSfP971970, National Science Foundation Grant No. INT-
to our experimental value of 68%. 9820646, Turkish Department of Defense Grant No.

The power splitterS~2% are important for designing pho- KOBRA-001 and Thales JP8.04. Ames Laboratory is oper-
tonic crystal based optical components. To test the splittingited for the U.S. Department of Energy by lowa State Uni-
idea, we removed one rod from theRyer partially, and a  versity under Contract No. W-7405-Eng-82.
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