= e ———

25

:ncy multiplier.
srated at 117 GHz.

:h has a diode epitaxial design and
[airbridges to eliminate unbalanced
er output waveform was measured
1g circuit [4], and harmonic powers

The output waveform also has
having 12.9 volts amplitude at the
lower frequency devices reported
iugher output frequency, at greater
). Air Force Office of Scientific

), pp. 1483-1491, Oct. 1973.
. IEEE, vol. 61, pp. 1443-1482,

. Yu, K. Abe, M. Rodwell, and
ers, vol. 1, no. 2, pp. 28-31, Feb.

W. Rodwell, and A. C. Gossard,
, 1990,
Rodwell, accepted at the 1992

Lett 8, 289 (1983).

Determination of Photonic Band Gaps
and Dispersion in Two-Dimensional Dielectric Arrays
with Ultrafast Electromagnetic Transients

W.M. Robertsonl-*, G. Arjavalingam!, R.D. Meade2, K.D. Brommer?2,
A.M. Rappe?, and J.D. Joannopoulos?

IIBM Research Division, T.J. Watson Research Center,

P.O. Box 218, Yorktown Heights, NY 10598, USA
2Dcparnncm of Physics, MIT, Cambridge, MA 02319, USA
*Present Adress: National Research Council Canada,

Institute for Information Technology, M-50 Montreal Road,

Ottawa, Ontaria, Canada K1A OR6

Coherent scattering of radiation in periodic dielectric structures results in an electromagnetic
dispersion relation which exhibits novel features such as new propagation modes and photonic
band gaps. The latter topic has received much current attention for a variety of fundamental and
practical reasons [1,2]. Furthermore, the theoretical calculation of the electromagnetic dispersion
relation in such structures has become relatively sophisticated. However, experimental verifica-
tion using traditional microwave techniques has been limited to determining the frequencies
which define the gaps and to study localized defect modes. Here, we present the dispersion re-
lation of a periodic dielectric array measured explicitly using the coherent microwave transient
spectroscopy (COMITS) technique [3,4]. The experimental results are compared with theoretical
predictions obtained using the plane-wave expansion technique [5].

The experimental setup is shown schematically in figure 1. The exponentially tapered
coplanar stripline antennas are fabricated on implanted silicon-on-saphhire substrates. Optical
pulses from a mode-locked, pulse-compressed, and [requency-doubled, Nd:YLF laser are used
in a standard pump/probe confliguration to excite the dc-biased transmitter and
photoconductively sample the received waveforms. Hcmispherical fused silica lenses collimate
the radiation diverging from the transmitter and focus it onto the receiver. The freely-
propagating ultrashort electromagnetic transicnt is polarized with the E-field in the plane of the

antennas. The measured signal has a 7 ps wide central peak, and frequency components from 0

TRANSMITTER RECEIVER-?
/

==
—ron

| {1 \
[-oc BIAS (i ‘ AMPLIFIERX
Ut AND A/D
1 CONVERTER

SAMPLE

Figure 1. Schematic of the coherent microwave transient spectroscopy experimental set up. The
photonic crystal is made of 100 mm long 0.74mm diameter alumina ceramic rods arranged in a

square array with 1.87 mm lattice constant.
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Figure 2. The electromagnetic dispersion along the <10> direction with polarization (left) par-
allel and (right) perpendicular to the rod axis. The points are experimental values and the lines

are theoretical predictions.

GHz to 150 GHz. Since it is proportional to the time-dependent field incident on the receiver,
phase information is preserved [4].

The two-dimensional photonic crystal consists of 0.74 mm diameter alumina ceramic rods ar
ranged in a square array of lattice constant 1.87 mm. Time-domain waveforms are recorded with
and without the array in the beam path. The waveforms are numerically Fourier transformed and the

corresponding spectra are divided to obtain the frequency-dependent complex transmission function
of the sample. Much like results obtained with traditional microwave techniques, the amplitude

transmission (not shown) clearly shows the frequency regions in which electromagnetic-wave prop-

agation is inhibited. In addition, using the phase data and the known thickness of the array we derive
an effective dielectric constant at each frequency point [4]. Hence, the frequency-dependent

dispersion relation is determined explicitly. The dispersion relation for propagation along the <10>

direction of the array, with the E-
The points are experimental results while the lines are predicted theoretically using the

eld oriented parallel and perpendicular to the rod axis, is shown

plane-wave expansion technique [6]. The agreement between theory and experiment is generally

good. However, the theoretical calculations also predict modes which are not observed exper
imentally (Fig 2). Further investigations reveal that the unobserved modes have opposite symmetry

to that of the incoming plane wave. Hence, even though these modes may exist in the photonic

crystal they cannot be observed with plane-wave radiation. Similar results were obtained for other

propagation directions and crystal structures &Ibt7].
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