Laser-micromachined millimeter-wave photonic band-gap cavity structures
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We have used laser-micromachined alumina substrates to build a three-dimensional photonic
band-gap crystal. The rod-based structure has a three-dimensional full photonic band gap between
90 and 100 GHz. The high resistivity of alumina results in a typical attenuation rate of 15 dB per
unit cell within the band gap. By removing material, we have built defects which can be used as
millimeter-wave cavity structures. The resulting quali) factors of the millimeter-wave cavity
structures were as high as 1000 with a peak transmission of 10 dB below the incident
signal. © 1995 American Institute of Physics.

Propagation of electromagnetiEM) waves in periodic incorporated into our structures had relatively poor qualities.
dielectric structures can be completely forbidden for a certairin particular, peak transmission of the defect mode was low
range of frequencies? These three-dimensional arrays— (—20 dB below the incident signeand theQ-factor (quality
photonic band-gaPBG) crystals—can be used to engineer factor, defined as the center frequency divided by the peak’s
the properties of the radiation field within these structdres. full width at half-maximum of the resonance was also low
For example, PBG crystals can be used to inhibit spontand~100. We attribute these effects to the relatively low resis-
ous emission in photonic devices, leading to more efficientivity of our silicon wafers(30—180¢2 cm). Our calculations
light emitters like thresholdless semiconductor lasers anghow that the transmission at the top of the defect peak and
single-mode light-emitting diodes.” However, the difficul- theQ-factor decrease drastically as one increases the conduc-
ties of fabricating structures at dimensions close to opticafivity of the Si wafers. As an alternative to using even higher
wavelengths restricted the experimental demonstration of theesistivity silicon, we have investigated the use of alumina as
early PBG crystals to microwave frequenci@@—15 GHz.  the dielectric material for defect structures. Alumina with a
Recently, we designed a three-dimensional layer-by-layefypical resistivity six orders of magnitude larger than the
structure which alleviates some of the fabrication difficulties'esistivity of silicon would be a good dielectric material to
inherent with the earlier desigfgJsing a large scale model build high-Q cavity structures. In order to build alumina
made of cylindrical alumina rods, we confirmed the exist-based millimeter wave photonic crystals, we have patterned

ence of a full photonic band gap at microwave frequenciedhe wafers by means of laser machining.

(12-14 GHz.° Using micromachined silicon wafers, we 1" gqqza_re—shap(i% alumina wafeKyocera 96% alu-
subsequently fabricated smaller scale structures with photd?!n&: I‘ESIS'[.IVI'[y.>101 -cm, refractive index2.86 at 100

nic band-gap frequencies ranging from 100 to 500 &%%2 ~ GH?2) used in this work were each 5.1 efb.1 cm, and 400
The frequency range of these photonic crystals are suitabié™M thick. The pattern consists of 24 parallel stripes, each
for a number of millimeter and submillimeter wave applica- 460 pm _W'de and Separated. by 84@“ W'de gaps for a
tions, including efficient millimeter wave antennas, filters,f'"_Ing ratio of 0'36‘ These sripe d|men5|ons_and the wafe_r
sources, and waveguid&s.18 However, most of these appli- thickness determine the center of the forbidden photonic

cations are based on the presence of defect or cavity mod glp—c?lculate(:r;tottt)ﬁ 9;14'17 ?.HZ "} this case. The3 S;‘tinepm?S are
which are obtained by locally disturbing the periodicity of ™ Cmttong 'SI'?] at' €eas rlp(tas orma iqur?re ' b
the photonic crystal’*The frequencies of these modes lie &' PAUEMN. ' Ne SIIpes are cut using a high power carbon

ot . dioxide lasef!
within the forbidden band gap of the pure crystal, and the The laser-machined wafers are stacked to form the pho-

associated fields are localized around the defect. We hav?mic crystal, using a holder with pins that aligned the guide

recently demonstrated that defect structures can be bu'Loles that were machined through the alumina wafers. This

around our layer-by-layer structure at microwave frequenciegtaeking process which was previously used to build silicon
(13 GH2.%° In this letter, we demonstrate the existence of

h i struct ¢ millimet f o5 b micromachined photonic crystdisiesults in a stacking se-
such cavily structures at mifimeter-wave frequencies by usfquence that repeats every four layers, corresponding to a
ing a laser-micromachined PBG crystal.

| initial i tigati t defects in millimet single unit cell along the stacking direction. Using\eband
nour initial Investigations ot detects In MIIMEEr-wave oy, q analyzer, the transmission characteristics of the

structures, we looked at defects incorporated into our earlie&ysta| are measured. Figuréalshows the EM wave trans-
silicon micromachined structuré§Although silicon micro- .0 through the laser-machined crystal in which the
machining has proven to be very successful for building, e vector of the incident EM wave is normal to the wafer
three-dimensional photonic crystals, we found that defect§  taces For propagation along the stacking direction, the
lower edge of the photonic gap occurs at 85 GHz, while the
dElectronic mail: ozbay@fen.bilkent.edu.tr conduction band is beyond the measurement limit of the ex-
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FIG. 1. (a) EM wave transmission through the micromachined crystal along the stacking direction. The arrows indicate the calculated band-edge frequencies,
(b) transmission characteristics when the crystal is rotated(¢btransmission characteristics for the propagation parallel to the surf@egmparison of
experimental and theoretical attenuation along the stacking direction as a function of number of stacked unit cells.

perimental set up. Figure() shows the transmission char- and angles, are all in good agreement with our theoretical
acteristics obtained, when the EM waves are incident at thealculations which predicted a full band gap from 89.6 to
front surface of the crystal with an incidence angle of 45°.99.8 GHz.
For such a propagation direction, the band gap falls within  In addition to testing the transmission properties of the
the measurement limits of the experimental setup. The vanew crystal, we also fabricated defect structures by removing
lence band edge occurs at 80 GHz, while the conductiomaterial from the crystal. Figure(@& shows the schematics
band edge is at 108 GHz. This is in good agreement with thef the defect structure where a portion of one of the alumina
calculated band-gap edges of 82.2 and 104.8 GHz. Figurstripes is removed. The length of the missing section, is
1(c) shows the transmission characteristics for the case wheand to facilitate possible comparison to similar PBG crystals
the EM waves are incident on the side surface of a 32 wafewith different lattice constants, we define the defect volume
stack, with the electric field polarized perpendicular to theratio d/a wherea is the center-to-center separation between
wafer surfaces. The lower edge for this propagation directiomods of the PBG crystal. Figurgl® shows the transmission
occurs at 92 GHz, while the upper edge occurs at 108 GHzharacteristics of propagation along tkrexis (the stacking
This is very close to the calculated band gap edges of 89.@irection for a structure with 4 unit cell§16 layerg along
and 105.1 GHz. the zaxis. The defect was placed at the eighth layer of the
We used the transfer-matrix meth@BMM), recently in-  structure and had d/a ratio of 2. The electric field polar-
troduced by Pendry and MacKinnéfto calculate the band- ization vector of the incident EM wavewas parallel to the
gap attenuation along the stacking direction as a function ofods of the defect layer. The defect transmission was cen-
the number of stacked unit cells. As shown in Figd)1the tered at 99.2 GHz, and the peak transmission was 20 dB
agreement between theot¥6 dB per unit ce)l and experi- below the incident signal. Using an expanded frequency
ment(15.5 dB per unit cejlis very good up to the experi- scale, we measured thH@-factor of the peak to be 1,030.
mental noise level. This result is especially important forFigure Zc) shows the transmission properties of a similar
potential applications of these structures since three unit celldefect with ad/a ratio of 24 which corresponds to a single
(for a total of 12 waferswill yield a photonic band gap with missing rod for our structure. The defect frequency is cen-
45-50 dB attenuation which is large enough for most applitered at 98.6 GHz, and has a peak transmission of 10 dB
cations. The transmission characteristics of the structurbelow the incident signal. To our knowledge these results
along the aforementioned directions and for other directiongorrespond to the first demonstration of a three-dimensional
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from the crystals, we created millimeter wave defect struc-
tures, and observed localized defect modes. The measure-
— ments are in good agreement with our theoretical simula-
tions. The availability of such defect structures will be a key
|a tool for the proposed millimeter applications of PBG mate-

d —— rials.
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